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ABSTRACT
ROCKET MEASUREMENTS OF FIELD ALIGNED CURRENTS 
AND ENERGY SPECTRA OF CHARGED PARTICLES 
IN AN AURORAL DISPLAY
by
LAWRENCE W. CHOY
A Nike-Tomahawk rocket equipped to measure electric 
and magnetic fields and charged particles from a few ev to 
several hundred kev energy was flown into an auroral band 
from Fort Churchill on 11 April 1970. The particle detec­
tors were oriented so as to measure net field aligned 
currents.
At the region north and away from the auroral band, 
an upward electron current (electrons going away from earth) 
has been discovered. This field aligned current consisted 
of electrons with energies less that 600 ev and had a mag­
nitude which varied from 10“® to 10  ^ a m p - m - 2.
At the northern boundary of the auroral luminosity, 
an intense downward electron current sheet was measured.
The electrons responsible for the current sheet had a mean 
energy of 0.5 kev and resulted in a field aligned current 
about an order of magnitude greater than that produced by 
the more energetic electrons responsible for the luminosity. 
The current sheet separated the region of hard spectra
magnetically tied to the aurora from that characterized by
soft spectra north of the luminosity. The spectrum of 
particles north of the aurora was very soft with shape and 
intensity similar to that consistently seen in the tail of
the magnetosphere by the Vela spacecraft. The implication
of this is that perhaps the northern edge of the luminosity 
is a line of demarcation between closed and open field lines 
in the magnetosphere. The observed particle currents' con­
figuration agrees with that inferred from magnetic field 
measurements of Armstrong and Zmuda. A comparison of the 
observations with theoretical models of auroral arcs by
Taylor and Perkins and by Bostrom has been made and the 
data favor the Taylor-Perkins model.
When intense downward field aligned electron cur­
rents were observed, the direction of the electric field 
in the ionosphere pointed westward or southwestward.
Outside the region of luminosity, when the substorm was 
recovering, the electric field switched to an eastward 
direction as the magnitude of the downward field aligned 
electron currents decreased. This correlation appears 
to be a spatial effect although it could be interpreted 
temporally as a characteristic of magnetospheric tail 
fields during the substorm recovery.
Electrons from a few to several kev were responsible 
for the auroral luminosity, and they represented a current 
(conventional sense) away from the atmosphere on the order 
of 5 x 10“7 amp-m-2, changes in the fluxes of the particles 
are observed to be the cause of luminosity variations. 
Enhancements in the transverse electric field magnitude 
are correlated with auroral motions and increments in the 
overall luminosity. The E x B drift imposed on the primary 
beam can account for auroral motions observed.
ix
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CHAPTER 1
INTRODUCTION
In addition to electromagnetic radiation, our sun 
emits a steady flow of plasma known as the solar wind. This 
solar wind, which is completely ionized and mainly hydrogen, 
carries the sun's magnetic field to the orbit of the earth 
and beyond. The planet Earth possesses both a magnetic mo­
ment and an atmosphere which interact with the plasma and 
the interplanetary magnetic field in a complex, but interes­
ting, way. Auroral displays are one of the most spectacular 
manifestations of this interaction. Past theories pertaining 
to the solar-terrestrial relationship were based on phenomena 
observed here on the ground. However, without the input from 
measurements in situ, theories so formulated can be considered 
as speculative at best.
With the advent of rockets, artificial earth satellites 
and interplanetary probes, a direct means of investigating 
man's space environment is possible. The "wonders" of our 
universe, out of reach in the past, are now under scientific 
scrutiny. The whole subject of the solar wind-earth interac­
tion takes a new turn. The study of aurorae, which can be 
looked upan as a means of investigating the physics of the 
magnetosphere,has become an active area of research in 
recent times.
Much of the early work in auroral study was in optical
1
spectroscopy. It was in this area that a first significant 
discovery was made. Meinel (1950) observed that the hydro­
gen Balmer lines were Doppler-shifted toward the blue, and 
thus confirmed the long-held notion that aurorae were initi­
ated by energetic particles. Subsequent direct measurements 
(Mcllwain, 19.6 0) indicated that large electron flux in the 
kev range is mainly responsible for the visible aurorae. To 
the casual observer, there was a time when the complete 
understanding of the physics of aurorae appeared to be near.
In the ensuing decades, sophistication both in technology 
and theoretical analysis revealed that the auroral problem 
was one of great complexity. At the turn of this new decade, 
we do not yet have a quantitative theory.
Since charged particles play a dominant part in 
auroral display, it is reasonable to believe that the study 
of their energy spectra will give us clues to the physics of 
this puzzling phenomenon. A fair amount of auroral particle 
data has been amassed in the last ten years, with sounding 
rockets and earth orbiting satellites by instruments such 
as Geiger and scintillation counters (Evans, 1967; 1968).
These counters, at present, are capable of measuring electrons 
only above an energy of approximately 40 kev and protons 
above approximately 100 kev. Only within the last few years 
were experimental techniques sufficiently advanced so that 
energies as low as a few ev can now be observed reliably in 
space. This represents, however, more than a mere advance­
ment in technology. The knowledge of the low energy (less
than 40 kev) plasma is vitally needed for any understanding 
of the magnetospheric dynamics. It is the energy range from 
a few ev to 15 kev which will be the concern of this work.
In particular, questions related to their origin will be 
studied.
Closely related to the origin of these low energy par­
ticles is the problem of geomagnetic storms. In the past, 
high latitude magnetic disturbances associated with aurora 
were analyzed with two-dimensional equivalent current systems 
in the polar ionosphere. Now it is clear that a third com­
ponent, the so-called "field aligned current" must be added 
to the picture. Direct measurement of this current compo­
nent has commenced only in recent years. The result of our 
rocket measurements will be discussed in connection with the 
Taylor-Perkins model and the Bostrom model. Finally, a new 




2.1 A Brief Review of Some Recent Ideas on Magneto­
spheric Dynamics and Aurorae. Above the ionosphere, there 
is a region of space where natural physical processes are 
dominated by the geomagnetic field. This space has come to 
be known as the magnetosphere (.Figure A) . It is a natural 
laboratory richly endowed with physical phenomena not easily 
reproduced on earth.
In the discussion of magnetospheric physics, the 
basic language consists of the fundamental phasma and electro­
magnetic equations. Such concepts as frozen-in field lines, 
magnetospheric convection, and electric field mapping are 
derived from the application of these equations to problems 
having cosmic dimension. By cosmic dimension, we mean that 
the magnetic Reynolds numbers, , is much greater than 
unity. If V is a velocity, L a length typical of the prob­
lem, and <3" the conductivity in electromagnetic units, then 
Rm is given by
Rnv = 4TT0-VL . O' )
The inequality R m »I is the condition required for field line 
transport to dominate over diffusion and is seldom satisfied 
in the laboratory.
Since the concepts mentioned in the above paragraph
will be used throughout this work in connection with the 
discussion of theoretical models or in the interpretation 
of experimental data, a brief exposition of them is in 
order.
theoretical analyses of magnetospheric phenomena are largely 
based upon the hydrodynamic approximation to the equations 
of particles and fields. In other words, the collective 
behavior of the collisionless, ionized gas is assumed to be 
fluid-like. Fortunately, this approach turns out to be ade­
quate for cases where only the gross features are being 
sought. Of course, many effects such as wave-particle inter­
actions and plasma processes of a microscopic nature will be 
missed.
and fields which satisfies the three conditions (a) magnetic
and (c) Ohm's Law in the simplest form is valid, then we have 
(in electromagnetic units)
where §T is the conductivity tensor and the other letters 
have the usual meaning. For this discussion, let us make 
the simplifying assumption that 0" is a scaler. Then equa­
tions (2), (3), and (4) can be combined to form
Following the success of the theory of solar wind
Frozen-In Field Lines. In a physical system of plasma
as —  \7XE 
■vxg = 4-ir j 




■ ^ - = v rx(y^B') + . (?)
If a fluid is at rest (V = 0), we have the diffusion equation
H  -  -  o  . ct'i
Using the method of separation of variable, ^  can be written 
as a product of two functions
B  = Fcx,y,?)T(t). a )
The standard solutions for the time component T(t) is
where %  = 4TT(TLV . £  is a constant and is commonly called
the characteristic dimension of the system. '"C is the time 
for the field to diffuse out of the system. Typical values
o
of %  are 1 sec. for a copper sphere of 1 cm. radius and 10 
years for a typical magnetic field in the sun. Therefore, 
in cosmic problems with large conductivity and characteristic 
scale L  i f°r times short compared to the diffusion time 
(i.e., diffusion is small), the last term of equation (5) 
can be neglected. We have
£1. s v x  cyx b ') .
If we consider a closed loop c moving with velocity v,
7.
the total time derivative of the flux through the moving 
circuit is
dt
where is the convective derivative, d — _l. W.V7.




because V - B  = o •
Substituting equation (9) into (10), one has
• o o
a.
From equation (11) the magnetic flux through the loop moving 
with the local fluid velocity is constant in time and, hence, 
we have the frozen-in field lines concept.
Magnetospheric Convection and Electric Field Mapping. 
The idea of magnetospheric convection introduced by Axford 
and Hines (1961) and the subsequent theoretical development 
by others, have provided a useful framework for studying 
various ionospheric phenomena such as the aurorae. It was 
postulated that a viscous-like interaction exists between 
the solar wind and the magnetic field of the earth, and by 
means of this interaction, a fraction of the momentum of the
solar wind is transferred to the ambient plasma in the magne­
tosphere, thereby setting the ambient plasma into a convective 
motion. Because the atmosphere is a poor conductor, the mag­
netic field lines of the earth above the atmosphere can move 
along with the plasma with a convective velocity given by
V: = ('*■>
Plasma in the boundary layer of the magnetosphere will thus
convect to the geomagnetotail region. If a steady state is 
assumed, the plasma reaching the tail region will follow a 
return flow through the interior of the magnetosphere toward 
the earth. Part of the return flow may reach the ionosphere 
and cause aurorae and other phenomena. The theory of Axford
and Hines is not a mathematically developed model, but it has
been demonstrated to be a fruitful starting point for both 
theoretical and experimental investigations.
The occurrence of \/c in equation (12) implies the 
existence of a large scale electric field E  . In general, 
one expects that the component of t parallel to the field 
lines (E«) is negligibly small as a result of the high mobil­
ity of electrons along the magnetic field lines. If the con­
vection is steady ( —  o )  , then E  = O or E = - V(p,
0 \
where (p is the electric potential. When E|j = 0, one has 
E*Vt = E-8 =0. This means that the magnetic field lines
and the streamlines of the convective motion are electric 
equipotentials; hence, the electric field at the magnetosphere 
can be mapped along the field lines to the ionosphere.
Regarding the validity and the extent of this type of mapping, 
our experiment has a contribution to make (Appendix 4).
Equation (12) describes the motion of low energy 
plasma perpendicular to in the magnetosphere. The motion 
of particles along B is largely governed by pressure and 
gravity gradients. We shall have occasion to examine the 
equations of motion along B when the topic of field aligned 
current models is presented.
2.2 Relationship between the Auroral Oval and the 
Geomagnetotail. In the tail region of the magnetosphere 
there exist intense fluxes of electrons ( K-E-. < 40 Ketfl forming 
a so-called "plasma sheet" (Figure A). This sheet has a well- 
defined boundary near the earth. This boundary, known as the 
inner edge of the plasma sheet, is located at an equatorial 
radial distance of ~  11 R^ (earth radii) during magnetically 
quiet periods and 6-8 R during magnetic bay activity. It 
has been reported (Vasyliunas, 1969a) that the inner edge 
of the plasma sheet corresponds to the equatorward edge of 
the auroral oval. (The auroral oval, when viewed above the 
geomagnetic pole, is an oval-shaped area roughly fixed in 
space surrounding the pole. The earth turns below the oval 
pattern once a day, and the locus of the midnight portion 
of the oval traces our a circle that coincides with the 
"auroral zone". The "auroral zone", however, has only a 
statistical significance and is defined as a narrow band 
centered on the line of maximum average annual frequency 
of auroral visibility.) The equatorward edge of the auroral
oval lies on field lines that are definitely closed and, 
in fact, roughly dipolar. Furthermore, Vasyliunas speculated 
that the poleward edge of the oval corresponds to the outer 
boundary of the plasma sheet and thus lies on "open" field 
lines extending into the magnetotail. It will be shown that 
our data generally agree with this spatial configuration.
2.3 Possible Interaction between the Magnetosphere 
and the Ionosphere through Field Aligned Currents. Electric 
currents flowing along the magnetic field lines between the 
ionosphere and the magnetosphere provide a very attractive 
mechanism coupling the two regions. The existence of such 
currents was long speculated by Birkeland (1908; 1913). He 
suspected that the visual aurora, as well as the horizontal 
currents associated with geomagnetic disturbances, have 
their origin in the space far beyond the earth's atmosphere. 
However, such a view was not shared by others at the time, 
as it was generally thought that the space above the ionos­
phere was rather empty and could not be the source of intense 
currents. So, in subsequent years, high latitude geomagnetic 
disturbances were analyzed by the so-called "equivalent cur­
rent" systems which are confined entirely to the ionosphere 
(Chapman and Bartels, 1940).
However, the recent satellite observations of Zmuda 
and co-workers (Zmuda et. a^ L. , 1966; 1967) , and of Armstrong 
and Zmuda (1970) call for a re-examination of the field align­
ed currents. Their observations indicated that substantial 
magnetic fluctuations occur in a narrow range of auroral
latitudes and can be interpreted as currents flowing into 
and out of the auroral ionosphere. Consequently, theoretical 
models pertaining to these so-called "Birkeland currents" 
take on a new importance. Once again, direct measurements 
of these current components and the associated electric and 
magnetic fields offer a unique opportunity to study the 
proposed theoretical models.
In the following paragraphs, an outline is given for 
a general theoretical approach from which the mathematical 
models under discussion can be understood. Special atten­
tion is focused on certain aspects of two particular models, 
one of which is proposed by Taylor and Perkins (1971) and 
the other by Bostrom (1964). A comparison of these models 
with our experimental observations will be presented in a 
later section.
Much of the theoretical work on the dynamics of 
magnetospheric physics is based upon the idea of the mag­
netospheric convection (Axford, 1969). Equations describing 
the dynamical relationship between an event occurring in the 
magnetosphere and one occurring in the ionosphere are gener­
ally written in the magnetohydrodynamic approximation. That 
is to say, the macroscopic properties of the magnetoplasma 
(pressure, density, continuity equation, gas lav/s, etc.) are 
used to help determine the simultaneous equations of field 
and particles. In one approach, these equations are coupled 
together forming a self-consistent loop (Vasyliunas, 1969b).
To begin, let us suppose a large-scale electric field
is present at about 10-15 Re in the geomagnetotail region. 
(Note that a magnetospheric convection process implies the 
existence of a large-scale electric field E« , where is 
related to the convection velocity of the magnetic field 
lines \/c by equation (12). The subscript e will be used to 
indicate the equatorial region, and B is understood to be the 
magnetic field of the earth.) For this discussion, let us 
assume further that Ec is oriented in such a way that particles 
move from the magnetotail region toward the earth. Given 
the charged particle distribution at the boundary of the 
region under study and the electric and magnetic field con­
figuration there, one can in principle determine the motions 
and distributions of the charged particles, and hence, the 
total pressure at any point in that region. The knowledge 
of the pressure gradient, plasma density, and bulk velocity 
will allow us to determine, in a steady-state approximation, 
the current density jj, flowing perpendicular to the magnetic 
field. In electromagnetic units, can ke written as (Ap­
pendix 1)
where P , which has been assumed to be a scalar, is the 
total kinetic pressure at a point in the region of interest, 
W  is the proton mass, 71 is the electron density, and V  is 
the bulk velocity (convection velocity) of the plasma in the 
region under study. The signs -L and || are used to denote 
components perpendicular and parallel to the magnetic field,
respectively.
Next, the condition of w i W o  is invoked so that 
jjii , the current density flowing parallel to the magnetic 
field lines toward the earth and into the ionosphere, is 
deduced. The imposition of the condition + = 0 is
consistent with the magnetohydrodynamic approximation in 
which the displacement current has been ignored.
O' ^
In the ionosphere, which has finite resistance, the 
field aligned currents coming in and going out are to be 
closed by the ohmic currents flowing perpendicular to the 
magnetic field lines. Given the geometry of the current 
system and the magnetic field, an electric field configura­
tion is determined. The subscript X will be used to
-v
t
denote the ionospheric region. If one assumes that magnetic 
field lines are highly conductive (a requirement in the 
magnetospheric convection theory), the electric field can 
then be mapped back to the geomagnetotail region. The re­
quirement that Ei = Ire forms the self-consistency of the cal-
-v ***
culation. At present, a complete quantitative computation 
of the above scheme has not been obtained. Approximations 
to and variations of such a scheme form the various mathe­
matical models.
Taylor and Perkins recently (1971) based a model of 
an auroral arc upon a phenomenomological analysis of a com­
putational scheme similar to the one outlined in the above 
paragraphs.
Starting with given by equation (13) , the condi-
14.
tion V* ( o > M  = 0 is then applied with the term containing
the bulk velocity neglected (for justification, see Appendix
z.
2(a)). The field aligned current per unit area, , flow­
ing into the ionosphere can be obtained in closed form:
- Vi.-1-.
Tv
= v - c v p * - ! o
= JL • (vkVp)- vp- (yx JL\
B- * '
Since the curl of gradient vanishes identically, one obtains
VTi- j, = -B* V-b*] _ (.14)
In this model, the pressure is assumed to be constant along
the magnetic field lines, i.e., (Appendix 2(b))
Vp • B - o •
This condition, together with Ampere's law, is then substi­
tuted into equation (14). The first term on the right of 
equation (14) vanishes, leaving
= 2 '5J- • ib . Ofc)
Equation (16) can be integrated along a line of force,
giving the current flowing into the ionosphere from a flux 
tube. Along the flux tube, the product of the magnetic field 
B and the cross-sectional area is a constant quantity,
A -  B  = A* • Bo . cn)
This is a direct consequence of the magnetospheric convection 
theory where the idea of frozen-in field lines applies. The 
contribution, to the total current from a segment of
flux tube, MX long with cross section ^ , is
v,.3„ A * a  . o n
AO
Substituting equations (16), (17), into (18), one obtains,
a i „ =  ^ ^ 2.(2 • o 1 )
Integrating equation (19) along B / from the equa­
torial region under consideration to the ionospheric region 
of interest, gives the current per unit area flowing into 
the ionosphere,
. 1
Here, ^ < 0  will be the current flowing into the ionosphere 
in the northern hemisphere.
In theory then, we have a way of producing field 
aligned currents. To proceed further, plasma parameters and 
a real model of the earth's magnetic field during disturbed 
times must be used. No attempt has been made yet to give 
numerical values.
The Taylor-Perkins Model of an Auroral Arc. Guided 
by known observations, a phenomenological model of an auroral
16.
arc can now be constructed. Heppner (1956) and Davis (1962) 
have reported that the magnetic disturbance vector observed 
on the ground is nearly normal to the auroral arc in most 
cases. This would suggest that the horizontal auroral cur­
rents are filamentary and flow parallel to the length of the 
arc. Taking this fact into consideration, Taylor and Perkins 
consider a model where field aligned current flows into the 
ionosphere in the form of a sheet current, and this sheet 
current is to be located on the poleward side of the arc.
The return current (conventional sense) flowing out of the 
ionosphere is to be carried mainly by precipitating electrons 
above the auroral arc. For simplicity, the magnetic field 
lines are assumed to be vertical. Furthermore, these field 
aligned currents are to be closed by the horizontal Pedersen 
current in the ionosphere as illustrated in the diagram 
below. All field aligned currents are assumed to be located 
in the region of the magnetosphere where field lines are 
definitely closed.











Pe d e r s e n  c u r r e n t
17.
where 21p is the height integrated Pedersen conductivity. 
is usally taken to be a vertical distance from 8 0 km to 1000 
km above the earth's surface. E s , the horizontal electric 
field vector in the ionosphere was chosen to point toward 
the arc so that, in the absence of horizontal conductivity 
gradients, the Hall current will flow parallel to the auroral 
arc and thus will produce a ground observable magnetic dis­
turbance vector normal to the arc. In this configuration, 
t x  will be smaller inside the arc than in the surrounding 
ionosphere by a factor (about 60) equal to the ratio of the 
Pedersen conductivities of the two regions. This reduction 
of electric field inside an arc has been observed by many 
workers (Aggson, 1969; Wescott, et. al., 1969; Potter and 
Cahill, 1969). However, disagreement with these observations 
has also been reported by Mozer and Fahleson (1970).
The Bostrom Model. Bostrom, in his detailed analysis 
of the auroral electrojets (1964; 1968) suggested a possible 
configuration of a sheet current system in an auroral arc.
This model differs from the one proposed by Taylor and Per­
kins (1971) in many respects; therefore, a brief discussion 
of the Bostrom approach is essential.
If the electric field Tr at the top of the ionosphere 
has no horizontal variation except on a large scale (>>10 km), 
the current density is related to the electric field by the 
equation (Fejer, 1953; 1964)
X s •• ^  * J
where V* is the velocity of the neutral gas in the ionos­
phere and is generally assumed to corotate with the earth.
■2 is the height integrated conductivity tensor.
If V* can be neglected in the first order estimation 
the height integrated current density flowing in the horizon 
tal ionosphere is given by
I x ~ + 2* C § * ^ <?•!)
where 2^ and 2 m are the height integrated conductivities.
By phenomenological analysis, Bostrom was able to ob­
tain the numerical values for and 2 tt , both inside and 
outside of his model auroral arc. Using the superscripts 
C and A to denote the undisturbed ionosphere and the arc 
regions respectively, he finds
*5j,c = 0 . 0 5 k  Mho / 2 „ =  .013 w\ko
'Zp - 34  wvko t Ti - 5*6 i* k o  .
The electric field and current configuration of the 
arc is most easily analyzed with a definite coordinate sys­
tem. As a typical example, an arc is taken to be a vertical 
slab 10 km thick and several hundred kilometers long. This 
slab is to be aligned parallel to the magnetic field lines 
in the magnetic east-west direction. For simplicity, the 
magnetic field lines in the auroral zone are presumed to be 
vertical but in reality, they form an angle of approximately
12° with the zenith direction. Diagram below defines the 
coordinates.
C and A  denote the undisturbed region of the ionosphere 
and the arc respectively. The magnetic field B points into 
the page.
The horizontal current densities (equation (21)) can 
now be expressed in component form as (MKSA units)
Ix = 56(*y) + 36 (e 5)
ly = o.iq (Ey)-v o. st (e£) C?2 C)
L y = 0.56(Ej)- O.I«| (E*c) .
As in the Taylor and Perkins model (1971) the conduc­
tivity along the magnetic field lines in the magnetosphere
is assumed to be perfect. Therefore, the electric field
in the ionosphere must be an image of the electric field in
the magnetosphere, even if on a small scale ( 10 km). The
convective velocity of the magnetic field line V s
B u
mentioned earlier can be used to represent the velocity of 
the source of the particles that produce the auroral luminos­
ity. Since the particles move along the magnetic field lines 
and the voltage drop along field lines is negligible, one 
should be able to estimate the electric field in the auroral 
arc by determining the velocity of the visible auroral forms 
or "irregularities" there. It has been reported in the 
literature (Nichols, 1959; Cole, 1963) that a reasonable 
magnitude for the velocity of the "irregularities" along the 
arc is W x W  1 km/sec and normal to the arc, W v U  100 m/sec. 
Using these values, one obtains Ey s' 0.06 volt/m pointing 
south and |E*| <0.0006 volt/m. Hence, the electric field must 
be almost perpendicular to the arc.
If we now introduce the requirement that the X  com­
ponent of the magnetic disturbance shall be smaller than a 
tenth of the y component, we have from equation (22), (Appen­
dix 3) ,
i *  a m o < '
This implies that a large part of the current 
(ly “ Ty must flow along the magnetic field lines from 
the boundary of the arc to the magnetosphere and that the
electric field should be confined essentially to the arc.
Thus we see there are marked differences between the 
Bostrom and Taylor-Perkins models, and their differences 
can be summarized as follows:
The Taylor-Perkins model can have a field aligned cur 
rent flowing into the ionosphere in the form of a sheet cur­
rent. This sheet current is to be located on the poleward 
side of the arc. The return current (conventional sense) 
flowing out of the ionosphere is to be carried mainly by 
precipitating electrons above the auroral arc.
The Bostrom model, on the other hand, requires the 
field aligned currents to flow along the surface of the arc. 
The electric field is confined essentially to the arc for 
the Bostrom model, whereas in the Taylor-Perkins model, the 
electric field exists both inside and outside of the arc 
with the inside electric field smaller by a factor equal to 
the ratio of the Pedersen conductivities of the two regions 
The measurement of the particles and fields across 
the northern boundary of the auroral arc, as obtained by us, 
offers an excellent opportunity to study these proposals.
CHAPTER 3
THE SOUNDING ROCKET EXPERIMENTS
The scientific objective of the auroral sounding roc­
ket program was to make a coordinated particles and fields 
study of the aurora. A series of three Nike-Tomahawk rockets 
with various experiments on board wOS launched in 19 70; one 
at Fort Churchill, Manitoba, Canada, and two at Poker Flats, 
Alaska. All three expeditions were successful. Rocket ex­
periments included low energy (few ev to 15 kev) differen­
tial spectral measurements of electrons and protons, integral 
spectral measurements of electrons greater than 50 kev and 
protons greater than 150 kev, electric and magnetic field 
measurements, as well as several auxiliary instruments to 
determine rocket spin and orientation (the field measurements 
were conducted by the University of Minnesota Space Science 
Center group). Ground supports included radar tracking, 
magnetometer data from high latitude observatories, an all­
sky camera, auroral photometers, and auroral television 
coverage (during the Alaskan launches). In the present work, 
only the Fort Churchill flight will be discussed.
Two identical sets of double channel (electron and 
proton) electrostatic analyzers were mounted at the mid-sec­
tion of the rocket payload for the low energy particle spec­
tral measurements. One set had its entrance aperture pointed 
at an angle of 20° with respect to the spin axis of
the rocket payload; the other set pointed in the opposite 
direction. As the angle between the spin axis of the payload 
and the local magnetic field lines varied from 20° to 35°, 
the upward and downward viewing analyzers were sampling par­
ticles in pitch angle range from 0° to 55° and 180° to 235°, 
respectively. In this arrangement, the so-called field- 
aligned current can be estimated. In addition, differential 
energy spectra of precipitated and reflected electrons and 
protons can be studied.
Energies greater than 15 kev were measured by solid 
state counters. Counters 350 microns thick (silicon wafer) 
were used to detect electrons greater than 5 0 kev energy and 
protons greater than 150 kev energy. Ten-micron thick 
counters were used to measure protons greater than 150 kev 
energy. Two sets of such detectors were oriented like the 
analyzers with respect to the spin axis of the rocket. The 
data from these detectors were handled by analog rate meters.
During flight 18:91, extremely low fluxes of these 
high energy particles were observed, a result consistent with 
ground based riometer readings, which showed only a few 
tenths dB absorption during this auroral event. Likewise, 
the proton intensities from a few ev to 15 kev energy, 
measured by the electrostatic analyzers, were also low. Pro­
tons penetrating the ionosphere from an altitude of 3000 km 
to 110 km should have energies from 10 to 100 kev (O'Brien, 
1967). Therefore, the absence of high energy protons at high 
altitudes is evidenced.
In the following paragraphs, the charged particle 
experiment is described. This includes the electrostatic 
analyzer design, the telemetry system, the calibration pro­
cedure, and the fine-beam low energy electron and proton 
sources.
3.1 Charged Particle Measurement. The low energy 
charged particle experiment, in its elementary form, consisted 
of the 90° cylindrical electrostatic analyzer, the electron 
multipliers, a charge-sensitive amplifier-discriminator, and 
power supplies. A 2000 bit per second pulse-code-modulation/ 
FM digital telemetry system was employed (Figure B). The 
charged particle experiment's objective was the simultaneous 
spectral measurement of electrons and protons in high time 
resolution.
The particle energy range accepted by the electro­
static analyzer was determined by the applied voltage on 
the analyzer electrodes, and this voltage is set to sweep 
through an energy range from a few ev to 15 kev, in 50 steps, 
once per second. In principle, the operation of the electro­
static analyzer is simple, and for nonrelativistic charged 
particles, easily understood. For ideal cylindrical electrodes 
with perfect radial electric field (see diagram below),
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we have fc.= ” *p». 1* where A is to be determined by the geometry 
and voltage difference (AV) between the electrodes.
For a conservative field,
E - - V V
and, therefore,
or
AV= A \ 
Jr,
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we obtain a relationship between the kinetic energy of the 
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For an omni-directional source of charged particles, 
the situation is a little more complicated, because the 
counting efficiency of the counting device (Channeltron elec­
tron multiplier) is a function of the incident angle and 
kinetic energy of the charged particle. In order to have a 
system capable of making energy spectral measurements of an 
omni-directional source, one would face a tedious calculation 
even if the characteristics of the Channeltron were completely 
known. Clearly in this case, an experimental calibration is 
desirable. We have devised such a laboratory calibrational 
scheme, and it will be discussed in a later section.
Analyzer Design. The designing of the electrostatic 
analyzer system was a slow and laborious process. Continuous 
laboratory testing was conducted through this phase. Besides 
examining the capability of the analyzer to measure the 
desired physical quantities, other factors required for space 
flight, such as size, weight, outgassing, vibration worthi­
ness, etc., must also be considered. In other words, a sim­
ple experiment in the laboratory can become extremely com­
plex for the space flight.
In essence, the electrostatic analyzer has two chan­
nels, one for protons; the other for electrons. Serrations 
were made along the electrodes to minimize the effect of 
particles reaching the sensors after scattering off the 
electrode walls. The effectiveness of the serrations was 
tested in the laboratory, and the result is shown in Figure 
C. Further, the interior of the analyzer was blackened with
27.
"Aquadag" (carbon) to reduce the secondary electron produc­
tion and light reflection. Accurate positioning and high 
voltage insulation of the electrodes are accomplished with 
precision ceramic balls. Collimation is provided by three 
slits; two of them are located at the entrance and the other 
at the exit of the analyzer. (Figure D is an exploded view 
of the electrostatic analyzer). Model 4025 Bendix "Channel­
tron" electron multipliers with a five millimeter conical 
entrance aperture are the sensors used. The Channeltrons 
are mounted in Kel-F blocks and potted in place along with 
electronic components with Dow Corning Sylgard 182 compound. 
The multiplier pulses are transformer-coupled to a charge 
sensitive preamplifier (Figure E).
Telemetry System. The particular method of telemetry 
used is called pulse-code modulation/FM. It is a method of 
representing a signal in digital form so that information 
can be handled directly with digital data processing equip­
ment. Information received on the ground is represented by 
a coded arrangement of binary digits —  pulses and spaces. 
All pulses are the same height and the same shape. It is 
necessary only for the receiving equipment to detect the 
presence or absence of a pulse; distortion due to noise 
does not degrade the signal so long as the pulse can still 
be recognized.
For high time resolution, the system was designed to 
transmit continuously 50 frames per second; each frame con­
tains five words and each word has eight bits. The specific
order of words in a frame was arranged such that the first 
coded word is the synchronization word; the second and third 
words contain the time, and the last two words are the 
electron and proton counts.
A pictorial view of a frame may look like the following
SCOPE DISPLAY
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3.2 Calibration - Determination of the Geometry Fac­
tor and Efficiency of the Detector System. The Channeltron 
electron multiplier (CEM) is a product of space research.
It is a relatively new device; hence, its characteristics 
are poorly known. During the course of designing the exper­
iment, we did a detailed study on the CEM as an electron and
proton sensor. The result of this study will soon be pub­
lished in the literature. Here we shall discuss a calibra­
tion scheme used for the determination of the geometry factor 
and the efficiency of the rocket CEM analyzer system.
The flux of particles measured in space is usually
-1 - l . oexpressed m  units of number of particles sec ster. cm ^
ev-'*'. Since the sensor's output is in number of counts per
second, one must determine the conversion factor 3 (e'>£(E') .
This is called the geometry-efficiency factor because it is
a peculiar property of the analyzer system. Let us examine
this in detail.
Suppose a detector located in space has unit area
(1 cm ) and unit acceptance solid angle (1 steradian). If
this detector records all particles entering the acceptance
•
cone each second, the flux ^ of the source S can be expres­
sed in units of * ST£g * However, the detector in
general does not have 100% counting efficiency for all the 
energies of interest. Instead, it records only a fraction
of the incident particles which may be designated as ^  •
✓
The ratio -*- is the conversion factor for the detector and
3
C M lSTfcfc. CouMTS
has units of — pAB.TiC.)es * For detectors which have
some finite energy resolution, one generally finds that K* 
is a function of energy of the incident particles.
For the purpose of developing notations for the dis­
cussion that follows, let us denote the energy dependence of 
K  by C(E) and replace j byl\J . In the same token, one can
generalize C(t) and f\| to mean total counts and total number 
of particles per ster.-cm^, respectively, for a period rT 
and designate their ratio as
a r n c e )  =
For a detector which has a finite energy window, the energy
dependence of for that window (e.g., window k )
can be removed by taking its integrated average, i.e.,
=? h(i) Sfo.CA*'cou»Ts_ 
d p^ ftTi c igs
Suppose is a constant for all the windows (i.e., for all
A ) of the detector; then, given M  r the number of counts 
per second in an energy interval of Q  ev, ($not necessarily 
equal to^Ei ), one can calculate the differential flux p as
p  _ M  _ f ^  pftPTiclES
& )d  (_ Vfce. Ow1, Se-t. ev j  .
However, if £)(■«) is different for different ji , then must 
be equal to -^ E,; for any meaningful calculation of F  . 
Laboratory determination of ft*) amounts to producing bl .
Laboratory Facsimile of an Omni-directional Flux of 
Monoenergetic Electrons - Fine Beam Electron Calibration
System. As a stable source of low intensity electrons 
(10“-^ amperes) , a simple electron gun employing a directly 
heated filament was constructed. Around the filament is a
brass cylinder (anode) which has three small precision holes 
(few hundred microns) mounted midway along its length. The 
filament is operated at negative high potential and the cyl­
inder at ground (Figure F). The length of the cylinder is
about five times its diameter, so the electric field near 
the precision holes can be approximated as perpendicular to 
the filament, and electrons passed through the hole will have 
kinetic energy essentially equal to the potential difference 
between the filament and the ground. Symmetry considerations 
assure that the energy of electrons passing through each of 
the holes is identical, and the current is directly propor­
tional to the area of the holes. Experimental verification 
of this assertion is illustrated in Figure G. There, currents 
passing through 270 micron and 500 micron holes are recorded
by two faraday cups --  electrometers and the ratio of the
readings is plotted for energies from 20 ev to 5 kev. Two
trails are shown.
To obtain the geometry-efficiency factor, 
the analyzer is mounted on an automatic scanning platform 
looking into the gun through a 270 micron hole while a fara­
day cup is monitoring the current through the 500 micron hole. 
The whole system runs in high vacuum (10 ® torr.), where the 
automatic scanning platform scans through predetermined co­
ordinates (four degrees of freedom: X^y, &■,<$>). In other 
words, the motion of the platform relative to the fixed beam 
simulates an omni-directional source of particles, NJ , over 
a limited range of elevation and azimuthal angles. After
one complete scan, the total count is recorded, and then the 
energy of the beam is changed, and the whole process is re­
peated. In effect, the scanning procedure gives us the 
quantity ^ 1 . c<« is then plotted on a linear paper as
a function of the energy and the energy integration is per­
formed by measuring the area under the curve with a planimeter. 
The reproducibility of this calibration measurement is good. 
Measurements performed under different conditions can be 
counted on to fall within ± 50% of the mean (Figure H).
An actual example is given below to illustrate the
procedure outlined above. We shall use a coordinate system
i A ^with $ , <f , X r y  r r\ defined below. Y\ is directed normal
to the X—y plane. 6 and ^  are angles subtended at P and
A.
spanned symmetrically with respect to 7)
Let 5 be the source of a fine beam of monoenergetic 
electrons directed at the point P . Imagine now the source 
S oscillating rapidly up and down in the angular range of 
© while swinging slowly back and forth in the range o f ^ . 
The oscillatory frequency of S in & is greater than in the 
(^direction by a factor of 10, i.e., in the timeSraakes ten 
oscillations in © , 3 also completes one oscillation in .
In effect, one fills the solid angle -CM.* ,4) with monoener- 
getic electrons. For this experiment, the solid angle 
is 2.2 x 10“  ^ steradian, which is much larger than the accep­
tance cone of the analyzer. The motion of the automatic 
scanner is such that while S fills the solid angle -ft , the 
point P traces the path JL. in the tf-y plane very slowly (one 
complete cycle takes T —  10^ seconds). The area fa mapped 
out by the path is large compared to the entrance slit of 
the analyzer. The product -0-'A = 5.7 c 10-  ^ ster. cm^ was
the dimension used in this experiment. If the beam intensity
_14
monitored by the electrometer is kept at 10 amperes, the 
intensity of the source is 5 = 1.8 x 10  ^ particles per second 
(since the hole size for S is 3.45 times smaller than that 
monitored by the electrometer). For this condition,
T  9 / * pART»cles \
^  ~~ _Q.fa * 1 ^  \ S+Eft. C/VA3- )
which is our monoenergetic omni-directional beam. |\| can be 
adjusted by changing the heating current through the electron 
gun filament. If C (*0 is the total counts recorded by the 
analyzer for the scan period , the quantity
$  (9)5(6) =
_ CCe) / yfen. c o u n t s
N  V *  pftRTicles
where E is the beam energy. After one scanning period (T), 
the energy of the beam is then changed. In this way a curve 
can be drawn ( vs. beam energy) for each energy window
of the analyzer. To get the average geometry-efficiency 
factor, we integrate 9 (bUCe) over the energy range of a 
given window and thus remove the dependence on energy jin that 
range. The quantity (the average geometry-efficiency■ 
factor) is
# =  U < e u c e O M e  ( s t6 R - ^\° V *  PM*T»cles I
It turns out that our detector has an energy resolution of 
14% for all the energies of interest. Hence one can define
S«h£(e)<*&
where fp is the central energy of a particular energy window. 
In other words, Ep is the beam energy at which CCe) has its 
maximum value on a vs. beam energy plot. ^  was found to 
be roughly a constant. The actual value used for the elec-
— 4 ( C***" counTs \
tron channel was 1.2 ± 0.7 x 10 (     I . To
\ * pftRT'ClfcS J
obtain the flux Fx for a given 2 :* counts per second at a
t—given energy window k with mean energy t p  (expressed m  
units of ev), one can simply calculate it as
Clearly, this scheme depends on the constancy of the
beam over the scan period rp  (approximately 1000 seconds) .
A special constant current supply with a fine adjustment
control was used for this experiment. During a period T  ,
small adjustments made once or twice can maintain the cur-
-14rent within 15% of its mean value at 10 ampere range.
A typical CCe) vs. beam energy plot is shown in Figure
J.
Proton Source. For low energy proton calibration, a 
simple proton source similar to that discussed by Plumler 
(1957) has been constructed. The basic operational princi­
ple of this source is simply the ionization of hydrogen 
gas by thermal electrons. The protons so produced are accel­
erated through a potential difference along a collimator. A 
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A beam with i n t e n s i t y 1 x 10^ protons/sec in the 
energy range from 10 ev to a few kev can be produced without 
too much difficulty. This beam can be used to test all of 
the flight detectors. However, a calibration as precise as 
the one done for the electron channel has not yet been 
accomplished. More studies on the beam properties and the 
method of monitoring the beam intensity will have to be
conducted before it can be used as a calibration source.
For the purpose of data analysis for flight 18:91, it was 
assumed that the detector has the same efficiency in 




4.1 Data Handling. Particle data transmitted to the 
ground and recorded on video tape are in serial-form (bits 
in a continuous train). For compatibility with the IBM 360 
digital computer, the serial-form information must be converted 
into parallel-form (bits in a word are written simultaneously 
across the tracks on the tape). Furthermore, because of the 
size of the computer memory, the data is subdivided into a 
number of "records", with each record containing approxi­
mately 100 seconds of information. These tasks are accom­
plished by the use of a digital decoder in conjunction with 
an incremental tape recorder, and the result is a new magnetic 
tape. This magnetic tape is then processed with an assembler- 
language program on the IBM 360. The assembler-language pro­
gram performs various tasks such as putting "flags" on bad 
data, labeling the records, and rearranging the data into 
identifiable files. The output is a 9-track magnetic tape 
which can now be handled with the more familiar Fortran- 
language programs.
Data from this flight were exceptionally clean. We 
were able to obtain a 50-point differential energy spectrum 
every second from turn on time (90 seconds after launch) to 
re-entry (450 seconds after launch). Electron differential 
spectra for the entire flight is documented in a motion
picture film. A few selected spectra will be presented in 
Chapter V.
4.2 Field Aligned Current Calculation. Having ob-
ster. kev., the net downward electron ( 5 ev - 12 kev ) cur­
rent across the unit area which is oriented perpendicular 
to the local magnetic field lines can be determined. The 
downward electron current density is calculated from the
assuming azimuthal symmetry.
A similar expression can be written for the upward- 
moving (away from the earth) electrons and their difference 
is the net downward current density. In the present cal­
culation, TCE'I was assumed to be isotropic over the upper 
hemisphere. Examination of the spectra indicates this is a 
good approximation from 0° - 55° pitch angles. Since no 
measurements were made with pitch angles in either the 50°- 
90° or 235° - 270° range, an error would result if non­
isotropic distribution occurred in either range. For such 
distributions, e.g., a cosine or sine distribution, the error 
that is introduced in the current calculation can be as high 
as 40%.
Result of the current calculation is shown in Figure 
7, Appendix 4.
tained the electron f lux in units of electrons/cm^ sec.
downward electron flux 3 O h  by
I OUJKI
4.3 Aspect Calculation. This calculation determines 
the angle between the analyzer look direction and the local 
magnetic field lines.
Let 2. be the spin axis of the rocket, J3 the direc­
tion of the magnetic field lines, A the analyzer look direc 
tion, F the axis of the fluxgate magnetometer, and V . y  ,£
#«*» ^  ^  * M
the right-handed coordinate system (see diagram below). 
©3,4,4,^ are defined in the diagram,
and oK is given by
0<=r cos"1 (coS&,cose3 + Cos L lot - ^  <
Uilr\Sft6
Cd =  -Tres}. .
The fluxgate magnetometer output voltage is a func­
tion of both 8 and the cosine of the angle between F  and
40.
B / i • s • /
v =  B - F - -  E < U r a 9 , e o S © 2 “5 ^ 9 ,  S v lO a  C oS
In this experiment, the output voltage \/ is positive 
maximum when the angle between p- and 13 is minimum, i.e.,
*• *N«.
if B lies on the 2 “V  plane, then V is positive maximum when 
p IS oNthe same plane. V is sinusoidal and the period is 




As can be seen from the above diagram,
Yfr = B  COS^I ,
yp = 2 .
Now , the angle the fluxgate makes with the spin 
axis, is fixed to be 45°. The ^  , is given by
fe,s A-tarf* z
Furthermore, and 9^ are also fixed by the orientation
of the instruments and are equal to 45° and 22°, respectively.
V
41.
Since we are interested only in calculating ©( , we can fix
B  to lie in the X-'i plane, i.e., setting /U> = 0. With©.
. ^  *
and to (the spin frequency) as input data, $( can then be 
calculated as a function of time with the IBM 360 computer.
CHAPTER 5
INTERPRETATION OF EXPERIMENTAL RESULTS
Visible auroral display is but one of the manifes­
tations of magnetospheric substorms. The physical process 
which leads to a substorm is a very interesting problem in 
magnetospheric physics today. Before any quantitative 
theory can be formulated, some pertinent features of the 
physical process must be shown.
Signatures for substorms have been sought in the 
interplanetary medium, and a statistical relationship has 
been found between the southward component of the interplane­
tary magnetic field and auroral substorms (Arnoldy, 1971). 
This seems to lend support to a model of magnetospheric 
convection with field lines reconnection as a driving mech­
anism (Axford, 1969). Although much has been learned in the 
last few years, it is fair to say that a great many more 
relevant observations have to be made before the underlying 
basic physics of magnetospheric substorms can be understood.
In this section, we shall examine, from an observa­
tional point of view, some very interesting aspects of the 
auroral substorm.
5.1 The Auroral Electron Energy Spectra. High time 
resolution electron energy spectra (50 points per second) 
from a few ev to 15 kev were obtained during the flight 
18:91. An example of the energy spectra is given in Figure
K. The horizontal bars indicate the width of the energy win­
dow. These data were analyzed and graphically recorded in 
a motion picture film, 'The Low Energy Auroral Electron 
Energy Spectra', (UNH Space Science Center, 1971). In this 
film, all-sky camera photographs showing the rocket position 
relative to the auroral form are placed next to the graphic 
representation of the electron differential energy spectra.
If the film is viewed at a speed of 24 frames per second, 
it gives the effect of seeing the spectra in real time.
In this film, some pronounced effects can be seen.
1. In the beginning, one notices the spectra are 
rather hard. A high flux of electrons from a few 
kev to 15 kev is observed. The spectral shape and 
intensity at this time is similar to that simultan­
eously observed by the ATS-5 geostationary spacecraft
at 6.6 R in the equatorial plane. Both the space- 
e
craft and the rocket had approximately the same 
longitude but slightly different L shells. A detailed 
discussion is given in Appendix 4.
2. When the rocket is in the luminosity or when it 
is magnetically connected to it, peaks appear in the 
spectrum. Although the origin of these peaks is 
not understood at present, wave-particle interaction 
is suspected to be the cause.
3. As the rocket approaches the northern edge of the 
arc (shown in the film), one notices the spectral 
shape becomes softer than before. At approximately
185 seconds, as indicated by the clock in the film, 
the rocket crosses the northern edge current sheet 
(Appendix 4). At this time, one notices the dramatic 
increase in electron flux in the energy range below 
10 kev.
4. Just north of the current sheet, the spectra are 
generally soft. The absence of electrons above 10 
kev can be noticed. The spectral shapes are typically 
found in the distanct magnetotail (18 R ) as recorded 
by the Vela spacecraft.
A coordinated study of charged particles and electric 
and magnetic fields on the flight 18:91 has been made (Choy, 
at. al., 1971). Much has been learned from the spectral 
shape and its variation with respect to the auroral form and 
luminosity. A downward field aligned electron current sheet 
was positively identified. These investigations and the 
correlation studies with data from ATS-5 and Vela spacecrafts 
are presented in Appendix 4.
In the following section, we shall be concerned with 
other studies, namely the comparison of the field aligned 
current models with observaTions and the detection of a 
return (away from earth) electron current.
5.2 A Comparison of the Field Aligned Current Models 
with Observations. In Section 2.3, we noted that the Taylor- 
Perkins model (1971) gives a plausible view of the manner in 
which field aligned currents generate in the plasma sheet 
(Figure A) and travel to the high latitude regions of the
ionosphere. Since our measurements were not made at the 
magnetotail, the production process there cannot be inves­
tigated by our experiment. However, in the ionospheric end, 
their model, as well as Bostrom's, suggests both a definite 
configuration of the electric field near the auroral arc 
and the location of the sheet currents. Since our rocket 
was launched into an auroral display and the trajectory 
was such that the payload traversed the northern boundary 
of the arc, flight 18:91 offers an excellent opportunity 
to study these theoretical models.
As noted in Chapter 2, Bostrom's model (1964) of the 
auroral arc requires the field aligned currents to flow on 
the boundary of the arc and the electric field to be confined 
essentially to the arc. These requirements were the result 
of imposing the condition that the Hall currents must be
confined to the region of the arc. It should be noted that
such an imposition is reasonable as observations show the 
horizontal component of the magnetic disturbance vector 
observed on the ground is perpendicular to the arc, and the
vertical component of the magnetic disturbance vector fre­
quently changes sign when a moving auroral arc passes the 
observer's zenith.
It becomes clear, then, that to have a westward 
auroral electrojet, Bostrom's model of the sheet current 




A is the current in a conventional sense, i.e., the 
arrow points in the direction opposite to the electron flow. 
The current configuration we found is summarized in Figure 
M. Thus, our observations do not fit the Bostrom model.
Since our rocket did not traverse the southern edge 
of the arc, we do not know for sure that a return flow of 
electrons does not exist there. However, it is reasonable 
to believe that currents will flow along paths that offer 
the least dissipation of their energy. Since the field 
lines are open in the polar region, and plasma there can 
escape easily into the interplanetary medium or the outer 
boundary of the plasma sheet (Figure A), one may suspect 
the most likely place to find the return electron flow is 
north of the downward electron current sheet. We looked and 
found it in our data (Figures P and Q). Figure P shows the 
magnitude (amps/m^) of the upward (dotted line) and the down­
ward (solid line) electron current while the rocket was near 
the downward current sheet at 171, 181, 191, and 201 seconds 
after lift-off. Clearly there is more current coming down 
to earth than going up.
Figure Q shows the same type of plot except at later 
times (291, 301, 311, and 321 seconds after lift-off) when 
the rocket was north of the arc. Here in the poleward side, 
there can be no doubt that there is more current going up 
than coming down. We shall call this the electron return 
current. Furthermore, the electrons constituting the 
observed return current have energies less than 500 ev, 
whereas the downward current sheet has electrons with much 
higher energies. A schematic view of observed currents' 
configuration is presented in Figure M. This particle cur­
rent measurement agrees with the magnetic field observations 
of Armstrong and Zmuda (1970). We have reproduced one of 
their graphs (Figure N), showing their inferred current 
system from the satellite altitude (1000 km).
The electric field measurement on board the same pay­
load did not show any sharp discontinuity in magnitude as 
the rocket left the arc. However, the electric field direc­
tion did change (Figures 10A and 10B, Appendix 4).
The Taylor-Perkin1s model of the auroral arc differs 
from Bostrom's as we have pointed out in Chapter 2. Their 
model does not require the field aligned currents to be 
confined to the arc. The sheet currents can be on either 
side (or both sides) of the arc. The argument given is the 
following. The current in the ionosphere satisfies Ampere's 
law. When an electric field is applied, the Hall current 
flowing perpendicular to both E and B can be divided into 
two parts: (1) the Hall current 3| that flows outside but
along the arc, and (2) the Hall current that flows in 
the arc. Inside the arc where the conductivity is high, the 
C term can be neglected when compared with 4-TTJ ■
v  A
Thus from Ampere's law, we have V ’3”® =0. They argued that 
it is primarily the non-divergent part of the ionospheric 
currents that are responsible for magnetic disturbances 
observed on the ground. Thus, the model required only that 
the non-divergent part of the currents be in the arc. In 
this configuration, the ground observations of the magnetic 
disturbance vector mentioned earlier in this section can be 
satisfied, and yet have the electric field outside the arc 
(Figure L) as observed.
In Figure L, we see that if one associates the upward 
current with the precipitating electrons above the arc, and 
the return electron current with the downward current on the 
poleward side of the arc, our observations are consistent 
with such a geometry. Taylor and Perkins, however, suggest 
that the current system, in the magnetospheric end, is 
located near the inner edge of the plasma sheet. Our data 
show that the electron energy spectra at the northern edge 
of the arc, where the sheet current was found, have shapes 
that are similar to those measured in the plasma sheet 
(Figure 9A, Appendix 4). Furthermore, the return current 
(away from earth), which has never been detected directly 
before, was found to be located in the poleward region 
(Figures A and 14) where magnetic field lines are believed 
to be open. Therefore, our data place the magnetospheric
end of the sheet current system further down stream hear the
boundary of closed field lines or beyond that point.
In order to drive a Hall current parallel to the
length of the arc, the electric field vector points toward
the arc, as illustrated in Figure L. Notice that P - ^£'5 •
/  P
where Iff and are the Pedersen current density and the height-A* *
integrated conductivity, respectively. Due to enhanced ioni-
Xbf hjsioe -me a r O
zation inside the auroral arc, the ratio ~  --■— —— ----- ;--
(© vcVs io e t «g  a r c )
(estimated by Bostrom) is about 60. One would expect to
find an increase in |e | by that amount as one goes out of the
region of enhanced ionization, if the current configuration 
is the one proposed by Taylor and Perkins (Figure L), and
I p is continuous throughout the arc.
The electric field measurements on board did not 
show such a simple relationship (Figures 10A and 10B, Appen­
dix 4). While the rocket was magnetically connected to the 
luminosity, the horizontal electric field pointed roughly 
perpendicular to the arc. However, when the field aligned 
current is high, the electric field pointed toward the west. 
Just outside the intense downward electron current sheet at 
260 seconds (Figure 10B, Appendix 4), the electric field 
pointed approximately perpendicular to the arc again. Fur­
ther north at 370 seconds, when the rocket was out of the 
luminosity completely and the field aligned current low, the 
electric field swung toward the east. The auroral arc has 
north-west to south-east extension (Figure 3, Appendix 4).
50.
It should be mentioned here that the electric field's direc­
tion reversal is frequently observed by polar orbiting 
satellites(Frank and Gurnett, 1971), but generally has rever­
sal direction opposite to what we have observed in this event. 
The magnitude of the horizontal electric field fluctuated 
up and down throughout the flight, with maximum changes no 
more than a factor of 5 and certainly not 60 (Figures 10A 
and 10B, Appendix 4). The variability of the horizontal 
electric field direction is probably an indication of the 
variability of the magnetospheric convection pattern (Summary 
of Results, Appendix 4).
One should note that while models consider only the 
average and idealized situation, namely the steady state 
condition, the rocket measurement of electric field in situ 
sees the dynamic changes in greater detail and on a smaller 
scale. In the highly disturbed auroral ionosphere, the de­
tailed comparison of electric field measurement with simple 
models is not an easy task. As for particle currents, 
where only its existence and form are sought, the comparison 
is more straightforward.
We did not detect a dramatic change in as the roc­
ket moved across the northern boundary of the arc because 
during the boundary crossing, the rocket was actually much 
higher (230 km) than the altitude (100 km) where conductiv­
ity due to enhanced ionization has a maximum.
In conclusion then, our observations with respect to 
current configuration favor the Taylor-Perkins model of an
auroral arc over the Bostrom model. The electric field 
measurement did not show such as simple relationship as 
suggested by these models.
CHAPTER 6
SUMMARY OF IMPORTANT CONCLUSIONS
(1) A new configuration of field aligned particle 
currents near an auroral arc is presented (Figure M). In a 
region about 10 km wide between the regions of hard spectra 
and soft spectra, large field aligned currents were directly 
observed by the particle detectors. These currents were 
nearly an order of magnitude greater in intensity than those 
carried by the precipitating particles responsible for the 
luminosity in the aurora. For the first time, a return 
electron flow (away from earth) has been found in the low 
energy electron channels (<. 600 ev) in the polar region. 
Further implication of this new field aligned particle 
current's configuration is that the magnetospheric end of 
the current system is farther down stream near the boundary 
of closed field lines or beyond that point.
(2) The particle current's configuration agrees
with that inferred from magnetic field measurements of 
Armstrong and Zmuda.
(3) A comparison of observations with theoretical
models of auroral arcs by Taylor and Perkins and by Bostrom 
has been made, and our data favor the Taylor-Perkins model.
(4) On the upward leg of the rocket flight in 
passing through the 100 1cm level, a short spike in the inten­
sity of the axial magnetic field was observed which is
interpreted as that due to a horizontal westward line current 
of 2.4 x 10 amperes at a distance of approximately 0.3 km 
from the rocket. This is believed to be part of the electro­
jet current system. However, this current alone is not ade­
quate to account for the surface magnetic observations; there­
fore, one must postulate that many such filament currents 
flow during the auroral event to produce the total electrojet 
current, and result in the surface observation of a magnetic 
storm.
(5) Energetic electrons from a few to several kev 
appear to be responsible for the auroral luminosity and 
changes in fluxes of the particles are the cause of lum­
inosity variations.
(6) North of the auroral luminosity, the spectrum 
of electrons was very soft and with a shape and intensity 
similar to that consistently seen in the tail of the magneto­
sphere by the Vela spacecraft. The implication of this is 
that perhaps the northern edge of the auroral luminosity is
a line of demarcation between closed and open field lines 
in the tail of the magnetosphere. The energetic particles 
responsible for the luminosity reside on closed field lines? 
the soft particles north of the luminosity reside on open 
field lines and thread the plasma sheet in the tail of the 
magnetosphere.
(7) Enhancements in the transverse E field magni­
tude were correlated with auroral motions and increases in 
the overall luminosity. The correlation with the motions
suggest that these were the result of an Ex B drift imposed 
upon the primary particle beam. Such fields would have to 
exist for large distances along the magnetic line of force 
and probably are those fields which reside in the magneto­
spheric tail.
(8) When intense field aligned currents were 
observed, the direction of the electric field measured in 
the ionosphere pointed westward or southwestward. Outside 
of the region of luminosity, the electric field switched to 
an eastward direction when the magnitude of the field aligned 
currents decreased. In this paper, we have generally con­
sidered these to be a spatial effect. However, since the 
electric field switch occurred during the recovery phase 
of the substorm, it could well be interpreted as a time 
variation. If the observed transverse field is mapped by 
the magnetic lines of force from the magnetospheric tail, the 
eastward direction would result in a convection of plasma 
away from the magnetosphere with a corresponding sudden 
pressure release upon the magnetosphere and perhaps is the 
cause for the reduced field aligned current. Extending 
this argument, electric field in the magnetospheric tail 
and the resulting plasma convection provide the mechanism 
for the substorm process.
6.1 Discussion of Future Work. Now that field 
aligned currents have been established by direct observation, 
the close coupling between the magnetosphere and the ionos­
phere is evidenced. This places the observations in the
auroral ionosphere with added importance. The ionosphere 
is one boundary of the magnetosphere; the other is, of 
course, the interplanetary medium. With such a close rela­
tionship, magnetospheric processes may be severely affected 
by the condition of the ionosphere as well as the condition 
of the interplanetary medium. Clearly, to have an under­
standing of magnetospheric phenomena, the boundary conditions 
must be investigated. There is a large number of problems 
associated with field aligned currents that can be studied 
with sounding rockets. An immediate and exciting extension 
of our present work comes to mind as the investigation of 
field aligned current system of the multiple auroral arcs.
If multiple arcs are wave-particle manifestations of a 
single arc, the field aligned current system associated with 
them may not be too different from that of a single arc.
A high time resolution measurement of the field aligned 
current components may give us a clue to this problem.
Another study under planning is a simultaneous mea­
surement of an auroral event by rockets in the ionosphere 
and by low altitude polar orbiting satellites. At the recent 
meeting of the American Geophysical Union, it was clear that 
a great body of satellite data presented can be tied to our 
rocket observation in a straightforward way, if only the 
observations made are simultaneous.
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APPENDIX 1
DERIVATION OF EQUATION (13)
J , .  e » ( 2 £  *
The standard equations of momentum transfer for char­
ged particles in an electromagnetic field can be written as 
(assuming pressure P  is a scalar)
( p .  ■+■ (.V; • v H l  = ^ i ( i  + ^  + Sit M
r\t^e^L + We.*V)\J?| = ■*" -*■ *§)” (Al,£
where i and 6 denote ion and electron respectively. f ie . is 
the rate of change of momentum of the ion due to collisions 
with the electrons. IFei has the similar meaning except 
ion and electron have their roles interchanged. V  denotes 
velocity, ^  - iSi. and<^= —jsi where lei is the charge of an 
electron in esu. is the particle density and no denotes
the mass. t  and B are electric and magnetic fields, respec­
tively.
The derivation of these familiar equations of motion 
from the Boltzmann equation is given in most books on -the 
kinetic theory of gases (e.g., Physics of Fully Ionized
Gases, by Lyman Spitzer, Jr., 2nd edition, p. 158) so their 
derivation will not be reproduced here.
Addition of (Al, 1) and (Al, 2) will give (assuming 
no electric field present)
Y'im' '^iL + ^  + n:m' ^  ^  V)Ve
Z ^  * £>) + <{e C &  X B) - V  (Pi + IT) . (A 1,3)
The termite ■*" vanished by Nev/ton's Third Law.
In the kinetic theory of gases, when the ions are 
entirely proton, the bulk velocity and current density of 
the plasma are respectively given as
\J - - L -  ( n ; m e  V; +  CAi,-^
~ r
and
j _ M  (ru$- CA 1,5)
where




">eff\p = T\\ \/; YY\e. —  n e y eW t .  CAlt$)c
Addition of (Al, 7) and (Al, 8) and neglecting term ,
r f i v
i vieswhich is much less than unity,
P- = Y1;V;.
wi;
Substituting equations (Al, 4) through (Al, 9) into (Al, 3), 
we have
^  B T* § — VP — nemc (v • V)y (a ,,,.)
where P= Pj + and the condition of charge neutrality 
or - e^. in our case, was invoked.
dyFor steady state, = 0, one has
X a 6 = Vp + vwm; (y v)v . (Aw1)
Multiplying equation (Al, 11) by 0  , one has
g x (I >■.&) = 6 x Eyp + (.V; • 7)^]
or
62.
Taking the component perpendicular to t one obtains
T i - 6
which is equation (13) .
APPENDIX 2a
JUSTIFICATION FOR NEGLECTING THE TERM 
CONTAINING THE BULK VELOCITY
In the Taylor-Perkins model, the magnetospheric pres­
sure associated with a plasma of electron density n  and
a
average thermal energy 1S given by
p = 2.nW.
To obtain a rough estimation of the relative magnitude of 
the two right hand terms of equation (13), experimental 
values in the region of interest were cited.
A region at 9 R in the magnetotail was chosen. There 
~ 1.5 x 1CT4 gauss, Kl ~ 5 x 10-  ^ cm”® and 2.5 kev.
n
Using V 10 cm/sec as an upper limit to the plasma bulk 
velocity in the plasma sheet, and assuming that changes in 
the pressure or velocity occur on a scale length of about 
1 R^ (6.4 x 10® cm) so that ~  2 x 10”® cm-'*', we have
.VL. a: lO*3 aWmps/cw*-
and r\/n ( y «  X 10 <*,)°a/nps//cm z'
Therefore, the last term may be neglected as compared to the 
first term in equation (13).
APPENDIX 2b 
From equation ( A|,|| ) of Appendix 1, we have
y  *  3  =. v p  + ( y . v))L •
In Appendix 2a, we showed that the second term on the right 
is small compared to the vP term for our problem. Hence,
T K § = v P
or
This means that the model applies only to cases where the 
gradient of the pressure along 3  can be assumed to be zero.
APPENDIX 3
If we require that the magnetic disturbance vector at 
the surface of the earth shall be almost perpendicular to 
the arc, such that the * component is smaller than a tenth 
of the y  component, then we have
IXy \ < o.\ (<>.«£* + V \  ^
t a
The factor in front of _LX comes from the fact that the width 
of the arc " " was chosen to be 1/30 times the width of the
undisturbed region of the ionosphere "C " considered in this 
model.
Substituting the value of I *  and from equation
(2 2) into(A3, l), one has
+ . w + e :  1- o . o n ^
or
-  I O .J4! E*A[ «  [ . I 6 «  Ey\+ 1-15** E.X \ + | . 0 I 1 E ^ | .
Grouping the terms, we obtain
\.5tEj,c\ < |.I73 + •i4«Ey\> (A3,2)
66.
Since
T y  = 0.5b Ey -  o- is  e J
we have
X y *  <  0 .lto8 E ^ -  • 02.
Bat X ^  = E *
awd | £.y\ > lo ^
A C ^We can neglect E* as compared to fcy .
I y  > >  I y .
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FIELD ALIGNED PARTICLE CURRENTS NEAR AN AURORAL ARC
ABSTRACT
A Nike-Tomahawk rocket equipped to measure elec­
tric and magnetic fields and charged particles from a few 
ev to several hundred kev energy was flown into an auroral 
band from Fort Churchill on 11, April, 1970. The particle 
detectors were oriented so as to measure net field aligned 
currents. Electrons from a few to several kev were respon­
sible for the auroral luminosity and represented a positive 
current away from the atmosphere on the order of 5 x 10"7 
amperes m~2. Changes in the fluxes of these particles are 
observed to be the cause of luminosity variations. Enhance­
ments in the transverse electric field magnitude are corre­
lated with auroral motions and increases in the overall 
luminosity. The Ex B drift imposed on the primary beam can 
account for auroral motions observed.
North of the auroral luminosity, an intense current 
sheet was measured by the particle detectors. The electrons 
responsible for the current sheet had an energy on the order 
of a few hundred ev and resulted in a field aligned current 
about an order of magnitude greater than that produced by 
the more energetic electrons responsible for the luminosity. 
The current sheet separated the region of hard spectra mag­
netically tied to the aurora from that characterized by soft 
spectra north of the luminosity. The spectrum of particles 
north of the aurora was very soft with a shape and intensity 
similar to that consistently seen in the tail of the magnet­
osphere by the VELA spacecraft. The implication of this is 
that perhaps the northern edge of the luminosity is a line 
of demarcation between closed and open field lines in the 
magnetosphere.
When intense field aligned currents were observed, 
the direction of the electric field in the ionosphere pointed 
westward or southwestward. Outside of the region of lumin­
osity and when the substorm was recovering, the electric 
field switched to an eastward direction as the magnitude of 
the field aligned currents decreased. This correlation ap­
pears to be a spatial effect although it could be inter­
preted temporally as a characteristic of magnetospheric tail 
fields during the substorm recovery.
A correlation of particle fluxes measured by the 
rocket detectors and those seen simultaneously at 6.6 Rg 
by the ATS-5 spacecraft is discussed.
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INTRODUCTION
Auroral arcs were very early assumed to be caused by 
charged particles descending along the magnetic field lines
into the upper atmosphere (Alfven, 1940) . Mcllwain (1960)
(
provided a direct measurement of the particles in a flight 
through an arc. He identified them as intense fluxes of low 
energy electrons of energy less than 10 kev. More recent 
measurements have established the occurrence of monoenerget- 
ic peaks in the auroral electron spectrum (Evans, 1968; Al­
bert,' 1967).
Ground level magnetic disturbances (magnetic bays) 
are observed as the auroral arc moves overhead (Chapman and 
Bartels, 1940). Ionospheric electrojet currents parallel to 
and flowing within or near the auroral arc could produce the 
observed high latitude ground disturbances. More diffuse 
currents closing through the low latitude ionosphere were 
postulated to complete the circuit (Silsbee and Vestine, 
1942) . Experimental evidence for electrical current in the 
auroral ionosphere was first obtained with total field mea­
surements (Meredith, et. al., 1958; Cahill, 1959).
Recently the relationship of auroral events to 
processes involving the outer magnetosphere have become ob­
vious. It appears that during the development stage of 
magnetic storms, the evening and afternoon sectors of the 
magnetosphere from 3 to 7 are inflated with low energy 
protons and electrons (Akasofu and Chapman, 1964; Cahill, 
1966, 1970; Langel and Cain, 1968; Frank, 1970; Langel and 
Sweeney, 1971). Now there is evidence that the low latitude 
field depression in the afternoon and evening sectors, pre­
viously attributed to auroral electrojet ionospheric return 
currents, is due to the asymmetric inflation (partial ring 
current). In new models, the auroral electrojet is tied to 
the magnetospheric inflation currents by sheets of electri­
cal current flowing from the magnetosphere to the ionosphere 
along magnetic field shells (Cummings and Dessler, 1967; 
Bostrom, 1964; Akasofu and Meng, 1969). Evidence of these 
field aligned currents first came from low altitude polar 
satellite measurements through repeated observation of mag­
netic fluctuations perpendicular to the main field lines as 
the satellite traversed the auroral zone (Zmuda, et. al., 
1967; Armstrong and Zmuda, 1970). Cloutier, et. a^L., (1970) 
have reported evidence of a field aligned current sheet dur­
ing a rocket flight through an auroral arc. The auroral arc, 
magnetic bay, and field aligned particle currents are all 
manifestations of the magnetospheric substorm (substorm 
since it is usually confined to the auroral zone and the 
outer magnetospheric shells connected to it; a main phase 
storm involves deeper layers of the magnetosphere, down to
L = 2, and its effects are seen even at low latitudes).
Through the action of electric fields and result­
ing field aligned currents, ionospheric phenomena occurring 
during a substorm are tied closely to magnetospheric pro­
cesses in the generation of substorms. The nature of the 
exact mapping of ionospheric phenomena to the magnetosphere 
is of paramount importance in determining the substorm mech­
anism. Frank et. al. (1964) have shown that the outer bound­
ary of the 40 dev trapping region coincides with the auroral 
oval when mapped unto the polar atmosphere. Axford (1967) 
has suggested that the entire band of the auroral oval pre­
cipitation corresponds to the region between the trapping 
boundary and the boundary of the closed field lines. Recent 
work by Vasyliunas (1968) has shown that the southern bound­
ary of an auroral display coincides with the inner edge of 
the tail plasma sheet when mapped to the equatorial plane. 
Particle data from low altitude polar orbiting satellites 
show statistically that there are two zones of precipitating 
radiation; one which is characterized by hard radiation, and 
a higher latitude zone where the spectrum of radiation is 
considerably softer (Johnson and Sharp, 1968; Burch, 1968). 
Two zones of radiation are also evident when the time varia­
tions of the precipitating radiation are investigated. The 
lower latitude hard zone shows considerably less time varia­
tion than the higher latitude soft zone which has been called 
the "Burst Region" by Hoffman (1969). It is becoming more 
attractive to believe that the line of demarcation between
the hard and soft spectra for precipitating electrons at 
1000 km altitude is perhaps the northern-most edge of the 
visual aurora and, when traced to the equatorial plane, is 
the boundary beyond which magnetic field lines open to the 
magnetospheric tail.
The purpose of the rocket flight reported here was 
to obtain evidence of the low energy electrons and protons 
that constitute a field aligned sheet current as well as the 
magnetic signature of such a current and the electric field 
in and near the auroral arc electric current system. Par­
ticular attention is given to a sudden increase in field 
aligned current associated with a prior sudden increase in
electric field and sudden change in magnetic field --  all
occurring near the edge of a visual auroral arc. We feel 
the results presented here make an important contribution as 
well to the above-mentioned problem of the mapping of atmos­
pheric auroral phenomena to the magnetospheric equatorial 
plane.
The Nike-Tomahawk rocket (NASA 18:91) was launched 
from Fort Churchill, Manitoba, rocket range at 0345:08 UT 
(0945:08 LT) on 11#April; 1970. The rocket was launched 5° 
from vertical at 50° true azimuth, and the flight time was 
582 seconds. The rocket was despun at 40 seconds, and the 
spin period thereafter was approximately 2.5 seconds. A 
long period precession was observed by the magnetic aspect 
and optical aspect sensors. Initially the rocket axis was 
10° to the magnetic field but slowly precessed to 40° near
the peak altitude, and then returned to 15° before reenter­
ing the atmosphere. Information from optical and magnetic 
aspect sensors indicated that the precession of the spin 
axis, starting near the launch orientation, proceeded 
clockwise to the northwest. Figure 1 is a schematic view of 
the rocket flight, showing the relationship between flight 
time, altitude, auroral luminosity, ionospheric current sys­
tem, and measured field aligned currents. The auroral lumi­
nosity is that magnetically connected (vertical lines) to the 
rocket position (at various flight times shown). It is ap­
preciated by the authors that a great deal of license has 
gone into the making of this figure, but we feel that it is 
of value to help clarify by visual presentation the results 
that have been obtained from this flight. To represent the 
magnitutde of the field aligned currents, we have taken seg­
ments of time when the current is approximately constant and 
indicated them on the figure. The units of the current are 
microamperes meter-^ . Figure 2 is another summary view of 
the rocket flight in which the trajectory of the rocket is 
projected unto the surface of the earth. The numbers along 
the trajectory are flight time.
A sequence of all-sky camera photographs which span 
the rocket flight time is given in Figure 3. The position 
of the rocket payload is indicated on these photographs by 
either a light or dark dot. It is seen that the rocket pen­
etrated a bright auroral band and at approximately 190 sec­
onds moved north of the band, occasionally thereafter.
intercepting rayed features. The spatial extent of the 
bright band was quite constant during the early portions 
of the flight. The band, however, was striated with fila­
mentary arcs, a few of which displayed folds and rather 
rapid motions to the south and west. Records from the 
ground observatory at Fort Churchill showed the magnetic 
bay associated with the auroral arc and its electrojet as 
well as the riometer observations (Figure 4).
In Figure 5, a schematic of the payload is present­
ed, showing the location of the magnetometer, electric 
field booms, and view directions of the particle detectors 
with respect to the local magnetic field lines.
INSTRUMENTATION 
Particle Detectors
The objectives of the charged particle detectors 
were the following. First, to measure simultaneously the 
spectra of electrons and protons commencing from a few ev 
energy up to several hundred kev energy. Second, to use 
these spectra to determine field aligned currents. In this 
regard, it was necessary to measure simultaneously electrons 
and protons moving in the "up" and "down" directions with 
respect to the local magnetic field. Finally, to measure 
the spectra of electrons and protons in high time and en­
ergy resolution in order to study the energy dependence and 
spatial fine structure of the field aligned current system.
These objectives were achieved with a system'of 
detectors composed of double electrostatic analyzers and 
solid state counters. One such set of detectors had their 
entrance apertures pointed at an angle of approximately 20° 
with respect to the spin axis of the rocket payload. An­
other set of identical detectors looked 180° removed from 
this direction, and therefore accepted particles which were 
moving up the field lines from the atmosphere. Since the 
angle the spin axis of the payload made with the local 
magnetic field varied from 10° to 40°, the spin of the 
rocket payload resulted in a sampling of pitch angles for 
the upward viewing detectors from 0° to 60°; likewise, the 
downward viewing detectors sampled pitch angles from 180° 
to 240°.
The electrons and protons from a few ev energy to 
15 kev energy were measured with 90° cylindrical electrode 
electrostatic analyzers having Channeltron sensors. The 
electrostatic analyzers consisted of three electrodes and 
therefore sampled electrons and protons simultaneously at a 
given electrode voltage. The electrode voltages were swept 
with a time squared dependence and at a rate of 1 cycle/ 
second. Over this sweep, 50 electron and proton energies 
were sampled. With an analyzer energy resolution of 14%, 
the differential energy windows were contiguous in energy 
except below 1 kev. Utilizing laboratory calibration beams 
of electrons and protons, the efficiency-geometry factors 
of the analyzers as a function of energy are well known.
This calibration scheme will be discussed shortly in the 
literature, but briefly, consisted of mechanical synthe- 
sization of an omnidirectional beam by relative motion of 
the electrostatic analyzers through four degrees of free­
dom with respect to a beam of laboratory particles whose 
intensity was accurately known. The product of geometry 
factor and Channeltron efficiency is a function of parti­
cle energy; however, the ratio of this product integrated 
over the energy range of a given window to the mean energy 
of the window is approximately a constant for all energies. 
For electrons
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The data from the four electrostatic analyzers were handled
by a digital telemetry system with a bit rate of 2000 bits
sec--*'.
Energies greater than 15 kev were measured by solid 
state counters. Counters 350 microns thick were used to de­
tect electrons greater than 30 kev and protons greater than 
150 kev energy. Ten micron thick counters were used to mea­
sure protons greater than 150 kev. Two sets of such detec­
tors were used; again, one looking in the upward and the 
other looking in the downward direction with respect to the 
local magnetic field. The data from these detectors were 
handled by analog rate meters from which a read-out of
50 points/second could be obtained. However,. during flight 
18:91 extremely low fluxes of energetic particles were ob­
served; hence, these detectors will not be discussed fur­
ther in this paper. Since the ground based riometer 
observations during this flight indicated only a few tenths 
db absorption, this result was to be expected.
Likewise, the intensity of protons from a few ev to 
15 kev energy measured by the "up" and "down" viewing proton 
electrostatic analyzers was very low. Protons in this ener­
gy range did not contribute to the field aligned currents 
observed during this flight.
The upward and downward viewing electrostatic ana­
lyzers obtained 2.5 complete electron spectra each spin 
period with approximately a 40° range of pitch angles in­
cluded in each spectral determination. In Figure 6, the 
electron intensities as a function of pitch angle at 120 
seconds of flight time for two different electron energies 
viewed in both the upward and downward directions are shown. 
Similar results have been obtained for other times during 
the first 300 seconds of the flight. Therefore, in calcu­
lating field aligned currents, it was assumed that the pitch 
angle distributions over the upper and lower hemispheres were 
isotropic at their respective intensities. For an isotropic 
distribution, the relative contribution to field aligned 
currents from particles having pitch angles from 60° to 90° 
(240° to 270°) is about 40%. However, in calculating net
current, it is not likely that it is actually this high 
since the ratio of up to down fluxes is unity at 90° and 
210°. This uncertainty plus the error in the relative 
efficiency-geometry factors for the up and down viewing 
sensors results in an uncertainty of about a factor of two 
in the absolute magnitude of the field aligned currents.
Electric Field Sensors
A dual probe electric field detector was employed 
(distance between the center of the collecting area of the 
probes, 3.54 m). The probes were unfurlable DeHavilland 
booms of copper beryllium with the interior section of each 
boom insulated from the plasma. The booms were extended at 
100 km altitude through doors on the rocket. A second 
shorter set of probes was also carried, but one boom of 
this set shorted to the rocket body on deployment. A high 
impedance FET differential electrometer was employed to 
process the potential difference; the gain of the instru­
ment was switched alternately between two levels determined 
appropriate in previous flights at Churchill. The measure­
ment system has been described in earlier detailed papers 
(Potter, 1969, 1970).
The rocket spin axis was nearly vertical at launch 
and the magnetic field dip angle at Churchill is 85°. The 
electric field component measured in this case is the hori­
zontal component, also essentially perpendicular to the 
earth's field. The usual assumption taken is that the electric
field parallel :to B must be negligible,: and therefore the
rocket measurements are interpreted as horizontal electric
/
field-. In this flight, there was a substantial precession 
(half angle, 20°; period, 500 sec) and the measured field 
near peak altitude must be multiplied by a factor as large 
as 1.4 to obtain the total horizontal field. l£ one assumes 
that electric fields along B are possible, then we may be 
detecting a component of such vertical field at times (.1 
at 100 km; .7 at peak altitude) (Mozer and Pahleson, 1970). 
Unfortunately, we cannot use the technique described by 
these authors since the rocket precessed only once during 
the flight.
The Vx B field due to rocket motion through the 
earth's magnetic field is of the order 10 mv/m to the north­
west during this flight, and the measured field has been 
corrected for this in the data shown in this paper. Actu­
ally, we have subtracted the full magnitude of Vx B; depend­
ing upon the direction of the spin axis during precession, 
this is too high by as much as 1.5.
Magnetic Field Sensors
The electrical current system associated with au~ 
roral arcs is now thought to be complex, including the tra­
ditional electrojet current, aligned with the arc, and field 
aligned currents (positively identified during this flight) 
flowing to and from the magnetosphere. An attempt was made 
to. identify the various currents through measuring
components of the total magnetic field vector. The proton 
magnetometer we have usually flown was supplemented by a 
sensitive fluxgate magnetometer (+ 2500 gammas) aligned with 
the rocket spin axis and another sensitive fluxgate mounted 
perpendicular to that axis.
The proton magnetometer provided total field magni­
tude measurements once each second (Maynard, 1966, 1967). 
These measurements are usually accurate to within a few gam­
mas but an unexplained low signal amplitude increased the 
typical measurement uncertainty to + 50 gammas. To the 
axial fluxgate was applied a step sequence of precise mag­
netic fields (40,000 - 60,000 + 50 gammas) in the opposite
direction to the earth's field. Usually the sum of the 
axial components of the earth's field and the bucking field 
would be within the 5000 gamma range of the axial fluxgate 
for two or three steps in the sequence and a measure of the 
component of the ambient magnetic field along the rocket 
axis obtained. The field component perpendicular to the 
rocket axis produced a square wave in the transverse magne­
tometer signal as the rocket spun; the period between zero 
field crossing an optical reference direction was to provide 
the azimuth of the transverse field component during each 
spin period. The axial component was measured with the an­
ticipated accuracy; the optical aspect system was less 
accurate than planned, and thus little information of the 
transverse component was obtained.
PRESENTATION OF DATA 
Particle Data
The field aligned current carried by precipitating 
electrons has been calculated in units of amperes meter~2 
and is plotted in Figure 7 as a function of time. As far 
as the particle measurements are concerned, there are three 
segments of flight time which show characteristic spectra 
and intensity properties. Since the auroral form was quite 
stable, we feel that these observations generally reflect 
spatial variations due to the rocket's motion across field 
lines connecting with the auroral luminosity. Some time 
variations are undoubtedly superimposed on the spatial 
structure. The three time segments will be discussed in 
detail below.
Launch to 190 Seconds. This is the time interval 
when the rocket was magnetically connected to the auroral 
luminosity. The particle experiments were turned on at 90 
seconds, and at 190 seconds, the rocket moved north of the 
luminosity. Two samples of spectra of electrons precipitat­
ing into the atmosphere are shown in Figure 8: the first
spectrum, taken a few seconds after experiment turn on, and 
the second, approximately 30 seconds before the payload 
moved out of the region of luminosity. It is apparent that 
the spectrum was hardest right after turn on and became 
progressively softer as the rocket moved to the northern­
most edge of the luminosity.
During this period of flight time, "monoenergetic 
peaks" were often observed in the electron spectra. On 
several occasions the peaks had a duration of only a few 
seconds. Multiple "monoenergetic peaks" have also been ob­
served. A study of these events will be the subject of a 
future paper; however, we wish to point out here that they 
were observed only when the rocket was connected to the lu­
minosity and the electron spectrum was relatively hard. 
Furthermore, the "monoenergetic peaks" occurred in the few 
to several kev portions of the spectrum, and as pointed out 
by Westerlund (1969), are only maxima in an overall spectrum 
and do not represent a monoenergetic beam of particles.
This is apparent in Figure 8 where measurements below 2 kev 
show that the flux of electrons again rises and approaches 
very high fluxes at energies less than 100 ev. The origin 
of the "monoenergetic peaks" is not understood at this time. 
The peaks were probably the result of wave-particle inter­
actions as the electrons were precipitated down the lines 
of force into the atmosphere.
The fact that the spectrum was harder during the 
time interval under discussion is also apparent in Figure 7 
where the relative contribution to the current as a function 
of electron energy is shown for 120 seconds and indicates 
that much of the field aligned current at this time was due 
to electrons between 3 and 7 kev energy. The close associa­
tion of the precipitation of electrons of several kev energy 
to auroral luminosity was further verified during this
period when a bright fold in the auroral band which had a 
southwestward velocity moved through the rocket field line. 
Although a sufficient number of all-sky camera photos can­
not be shown here, the peak in the field aligned current at 
110 seconds to 150 seconds in Figure 7 is directly correlat­
ed with the movement of this bright fold through the rocket 
position. In fact this should be stated in reverse: The
bright fold was a consequence of precipitation into the at­
mosphere of an intense flux of several kev electrons.
190 to 240 Seconds. During this interval, the mag­
nitude of the field aligned current as seen in Figure 7 
increased by nearly an order of magnitude and was the high­
est observed during the flight. The portion of the spec­
trum of electrons which contributes to this current is seen 
in Figure 7 to be due predominantly to electrons of less 
than 0.5 kev energy. In the remainder of this paper we 
shall call this intense field aligned current a current 
sheet. The spectrum of electrons observed in this current 
sheet is shown in Figure 9 in the left-hand panel. The in­
tense soft spectrum which produced the large field aligned 
current occurred just as the rocket payload moved north, 
crossing the rather well defined northern-most edge of the 
auroral luminosity. The fifty second duration in which the 
intense currents were observed represents a horizontal 
thickness for the current sheet of roughly 10 km, assuming 
that the sheet is a stationary spatial feature.
240 to End of Flight. During this time the rocket 
was outside the region of auroral luminosity but did occa­
sionally connect to localized and rather bright patches of 
ray activity as best can be determined by all-sky photos. 
The field aligned current dropped to rather low values dur­
ing this time as seen in Figure 7. The second panel in 
Figure 9 gives a typical electron spectrum when patches of 
luminosity were not encountered. During the brief magnet­
ic connections with regions of auroral luminosity, such as 
at 350 seconds (see Figure 3), the spectrum of electrons 
hardened, and the intensity of the currents increased 
greatly as seen in Figure 7.
Although simultaneous measurements were not made 
with the VELA spacecraft at 17 Re in the magnetosphere, we 
have sketched on Figure 9 two different VELA spectra, the 
"hot" and "cold", which are typically observed in the geo­
magnetic tail (Hones, et. al, 1971). The intensities 
plotted for these spectra are measured values and have not 
been scaled in any manner. The spectrum of auroral elec­
trons seen when the rocket is just north of the current 
sheet appears in shape and magnitude to be quite comparable 
to the typical VELA "hot" spectrum. The intensity decrease 
of the VELA spectrum at low energies is instrumental. The 
rocket electron spectrum measured within the current sheet 
has nearly an order of magnitude higher intensity than the 
VELA spectra and a shape similar to that which one would 
get if the VELA "cold" and "hot" spectra were added.
Electric Field Record
Figure 10 shows the field magnitude and direction 
throughout the flight together with the particle current. 
The field magnitude (10 to 30 mv/m) was lower than two pre­
vious flights at Churchill; on these flights, which may not 
have penetrated an auroral arc, the field magnitude was 30 
to 60 mv/m (Potter, 1970). On one previous flight, 18:41, 
the rocket apparently flew over an arc as in the present 
flight, and the magnitude observed was also 10 to 30 mv/m.
During the first third of the flight while the 
rocket was connected to the auroral arc and the electron 
spectra were hard, the field direction steadily rotated 
from southwest to west. On previous flights the direction 
was approximately south, perpendicular to the auroral arc.
Just prior to the sudden increase in particle cur­
rent at 19 0 seconds, there was an abrupt electric field 
pulse, 20 mv/m increase, that lasted only 5 seconds. It is 
tempting to assume the electric field pulse caused or is 
related to the subsequent increase in particle current.
Note that the field direction remained westward during the 
pulse. This indicates that the pulse was a change in the 
horizontal electric field. If a portion of a vertical 
(magnetic field aligned) electric field were detected, that 
portion would point north as does the magnetic field. If 
we assume this westward field was present all along the 
field line, then it represented a sudden enhancement of the
westward electric field near the equator and could be 
associated with an inward motion of plasma through Ex B 
drift.
In examining the all-sky photos in Figure 3, it is 
seen that at about the time of the electric field pulse, 
the northern edge of the luminosity commenced to recede 
southwestward. The enhanced field at 185 seconds could be 
the source of this motion in that its direction (northwest) 
is correct to explain the movement of the northern edge of 
the luminosity by the Ex B drift of the primary electrons. 
From the all-sky photos, the velocity of recession was a- 
bout 1 km/sec which is comparable to the calculated Ex B 
drift at the 100 km level using 30 mv/m and 0.57 gauss for 
E and B respectively. Similar electric field increases 
were observed at 80 seconds and 150 seconds flight time.
At 80 seconds the auroral luminosity was rapidly increasing 
to its maximum at 95 seconds. At 150 seconds, the bright 
fold had just moved through the rocket position as dis­
cussed above. These results indicate that one might account 
for auroral motion by the electric field drift of the pri­
mary beam. To get appreciable drift motion, the electric 
field transverse to the magnetic field lines must be present 
out to great distances into the magnetosphere and perhaps 
are those which exist in the tail of the magnetosphere.
Since the B field decreases along the field line, the drift 
velocity is greater at increasing radial distances.
The last section of the flight was characterized 
by low but fluctuating field magnitude, 1 0 - 2 0  mv/m, and 
several reversals of the field direction from west to east 
and back. These reversals appear to be correlated with 
sudden drops in particle current. The direction change 
follows the particle drops. The last drop to a low cur­
rent near 360 seconds was followed by the final swing to 
an eastward field, some 10 seconds after the current drop. 
The fluctuations observed here in field direction might be 
similar to the oscillations reported by Mozer and Fahleson 
(1970), observed at the boundary of an arc. It appears as 
if the time constant for field directional changes is 
longer than that for changes in the magnitude of the field 
aligned current.
If we assume the measured field is developed at 
the equator, then the rocket measurements follow sudden re­
versals in direction of an equatorial electric field (per­
haps 1 mv/m). Carpenter (1970) found a general inward 
(across L shell) drift during the onset of substorms, but 
outward drift during recovery. He interpreted this as 
Ex B plasma drift in the L = 2.5 to 5.5 region. A similar 
interpretation here would suggest rapid reversals of plas­
ma drift from in (E west) to out (E east) on a stationary 
L shell or perhaps motion of the rocket across shells of 
alternately directed field.
Magne tome ter Data
The proton and axial fluxgate records are shown in 
Figure 11. The unexpectedly large precession caused the 
axial measurements to decrease more rapidly than the field 
magnitude and no axial measurements were available from 240 
km on the upward flight to 220 km going down.
Neither the axial nor the proton records show ef­
fects of passing over the auroral electrojet. From the 
Churchill ground records, the center of the electrojet 
should be 100 km north of Churchill and a substantial posi­
tive departure from the predicted field is expected as the 
rocket proceeded toward peak altitude and on the downward 
flight.
There are small scale fluctuations on both records 
which may be due to time variations in the electrojet, re­
sidual magnetic field in the spinning payload, or spatial 
structure as the rocket passes over filaments of the elec­
trojet. Such filamentary structure has been earlier pro­
posed to explain an intense magnetic peak observed during 
a rocket flight and to explain the record of a satellite 
pass over the electrojet (Potter, 1970; Langel and Cain,
1969) .
The axial record shows some evidence of such a fila­
ment near 105 km in Figure 12. This very brief magnetic 
impulse rose by more than 1000 gammas. There is always the 
possibility of instrument error but the high measurements on
two steps of the sequence and the absence of such readings 
elsewhere in the flight and preflight records makes that 
unlikely. If this is to be interpreted as a filament of 
current, then the lack of strong perturbation in the ad­
joining measurements require very localized current (cross 
section less than a few hundred meter2) and the high field 
requires very close approach (0.3 km). Total current may 
be estimated as 2.4 x 102 amperes and taking a cross sec­
tion of 0.5 km2, the current density would be 4.8 x 10“3 
amperes/m2 , a thousand times higher than ionospheric cur­
rents observed previously. We are dubious of the reality 
of such an intense current but have no reason to discard 
the measurements. Another possibility is that the spike is 
a brief intense enhancement of a more distant filament.
Finally the transverse magnetometer zero crossings 
were examined for evidence of penetration of field aligned 
current sheets. An average period of rotation was deter­
mined for a section of the record, then deviations from 
this average were tabulated with an estimated accuracy of 
+ .005 seconds. Although there is some suggestion of 
transverse component direction changes expected on the 
penetration of the upward current sheet, the measurements 
are inconclusive at this time and require further study.
A calculation of the field change anticipated in penetration 
of a 10 km sheet of 2 x 10-6 amps/m2 (observed in the par­
ticle current at 190-240 seconds) indicates a change from
12 gammas east, south of the sheet to 12 gammas west,, to 
the north. With a horizontal earth's, field of 6000 gammas, 
the total angular shift is .24° or .002 seconds at 2.5 
seconds/revolution.
DISCUSSION
Flight 18:91 offered a unique opportunity to. do a 
correlation of rocket observations of precipitated electron 
fluxes with fluxes of electrons measured in the geomagnetic 
equatorial plane. The ATS-5 geostationary satellite was on 
station at geographic longitude approximately that of 
Churchill, and at 6.6 in the earth1s equatorial plane.
The particle sensors furnished by the University of Calif­
ornia at La Jolla (Carl Mcllwain, Principal Investigator) 
measured the electron spectrum from 50 ev to 50 kev at nom­
inal pitch angles of 0° and 90°. The spectrum of electrons 
obtained by the ATS-5 detector simultaneous in time with
those of flight 18:91 are also given in Figure 8. At 90
seconds note the similarity of the two spectra, but perhaps 
even more striking is the fact that the absolute differen­
tial intensities measured by the satellite detector are 
nearly identical with those obtained at 150 km in the atmos­
phere. The similarity in both spectral shape and absolute 
intensity might be fortuitous; however, we tend to believe 
that for this particular event it could indeed be quite
significant. Going back to the all-sky photos in Figure 3,
it is seen that the luminosity, was a broad band. Although 
we do not know the shape of the geomagnetic field during 
this substorm, if the field is approximately dipolar, the 
range of view of the all-sky camera would be approximately 
L = 5 at the southern horizon and about L = 15 at the north­
ern one. The ATS-5 spacecraft located at 6.6 Re would be 
magnetically connected to the southern edge of this auroral 
form. Since the auroral form was visually rather homoge­
nous, it is conceivable that the spectrum of electrons 
which was bombarding the atmosphere at the southern edge of 
the aurora (which in a dipolar field would be magnetically 
tied to approximately a radial distance of 6.6 Rg in the 
equatorial plane) be identical to that which was observed 
by the sounding rocket near the center of the band. Ne­
glecting strong pitch angle diffusion of the electrons 
traveling from the equator to the atmosphere, the more 
serious problem in attaching any significance to this cor­
relation is that the rocket electrons were those in the loss 
cone at the equatorial plane (pitch angles less than 3°) 
whereas the satellite electrons had pitch angles of 25° as 
obtained from onboard magnetic field measurements. The 
rocket electrons were dying particles having lifetimes on- 
the order of their bounce period (few seconds), whereas 
those detected by ATS-5 presumably had a considerably 
longer lifetime. The event as seen by the satellite de­
tectors abruptly rose to maximum intensity at 0310 UT
(36 minutes prior to 80 seconds flight time in Figure 3) . 
The equatorial fluxes at ATS-5 decayed approximately ex­
ponentially with a decay constant of about 1 hour. Aurorr 
ral displays commenced approximately at the time of the 
injection of the equatorial fluxes (the exact time is not 
certain since the luminosity was quite south of Churchill 
at this time). When in view of Churchill, the auroral 
event had its maximum extent and luminosity at 95 seconds 
flight time and subsided within several minutes. Beyond 
the requirement that the radiation for this event in the 
equatorial plane have identical spectra over 1 or 2 L 
values, this correlation of rocket and ATS-5 data must 
also require isotropy of the equatorial particles even in 
the loss cone for electrons of energy up to 15 kev. The 
ATS-5 detectors "parallel" and "perpendicular" do show 
isotropy for a 90° range of pitch angles outside the loss 
cone. The scattering mechanism that apparently is opera­
ting to fill the loss cone must be responsible for con­
tinually maintaining this isotropy even in the loss cone 
and must also be energy independent. Assuming a lifetime 
of 2 seconds for these particles, the equatorial fluxes 
should have a decay time of about 65 minutes, which com­
pares well with that observed. There are therefore 
enough particles in the equatorial plane to produce the 
aurora. Since the aurora lasted for considerably less 
time than the magnetospheric electron intensities in the
equatorial plane outside the loss cone, it appears as if
the scattering mechanism replenishing the auroral particles 
in the loss cone is flux dependent in that below a certain 
critical intensity, the mechanism is no longer effective. 
Finally, if one accepts the correlation, it must be con­
cluded that there appears to be no need for any further 
acceleration of auroral electrons between the equatorial 
plane and the atmosphere.
Although the spectra were obtained in the magneto­
sphere by ATS-5 only every 80 seconds, it does not appear 
that the modulations of the spectra showing "monoenergetic 
peaks" such as seen in the rocket flight do occur. This 
lends further credulance to the hypothesis made earlier 
that these modulations occur further down the line of force 
as particles precipitate into the atmosphere. We recognize 
that these conclusions concerning the correlations with 
ATS-5 are highly speculative and look forward to doing this 
correlation in the future with rocket measurements made 
nearer the conjugate point of a geostationary satellite in 
higher time resolution.
One of the most significant results of this rocket 
flight is the apparent observation of a distinct line of 
demarcation separating regions of different spectra of 
precipitating particles and different ionospheric electric 
fields, all in close association with visual features of 
the aurora. The region of intense field aligned currents, 
i.e., the current sheet, observed from approximately 190 
to 240 seconds, is this line of demarcation. Although it 
is impossible to say with absolute certainty that the
measurements: made during this time interval represented a 
spatial structure rather than a time variation, we feel 
that the surface magnetic field observations substantiate 
the conclusion that a spatial structure is crossed, al­
though the spatial structure may be moving south. If the 
observations during this time interval represent a time 
variation, one might expect to see a similar time varia­
tion in the surface field measurements and all-sky photos, 
which is not apparent upon inspection of Figures 3 and 4. 
One can conclude that this rocket flight moved through, via 
magnetic connection, a very significant property of the 
magnetosphere in the equatorial plane. It was shown here 
that hard spectra are associated with auroral luminosity. 
This could well be the hard zone of radiation seen by low 
altitude polar orbiting satellites and very likely when 
projected to the equatorial plane lies inside the closed 
magnetosphere. The aurora, therefore, is due to the pre­
cipitation of particles into the atmosphere among closed 
field lines. The similarity of the simultaneous measure­
ments of apparently trapped particles at 6.6 R in the mag-©
netosphere with those observed above the auroral luminosity 
lends further support to this statement. The observation 
of soft spectra north of the region of luminosity is quite 
likely the soft zone seen by low altitude polar orbiting 
satellites. The general similarity of the soft spectra 
with those measured in the tail of the magnetosphere at 17 
by the VELA satellite suggests that this soft zone is
on magnetic lines of force which open into, the tail of the 
magnetosphere. Separating the two regions of open and 
closed field lines and coinciding with the northernmost 
edge of the auroral luminosity is an intense current sheet.
For a 10 km thick current sheet, the current density 
brought into the atmosphere (25 amperes/km) is of the same 
order as that which is carried in across the entire band of 
the auroral luminosity by the higher energy electrons. 
However, the current sheet is incident upon a much smaller 
area in the atmosphere, hence would have a more profound 
effect upon local conductivities that the higher energy 
particles associated with the luminosity, and therefore 
would be of major consequence in driving the auroral elec­
trojet. The origin of the current sheet particles is, of 
course, not measured here, but one might speculate that 
they originate in the center of the plasma sheet which be­
comes compressed during substorms (Hones, 1971). In this 
picture, increases in the magnetic field in the tail ob­
served during the early phases of a substorm (Camidge and 
Rostoker, 1970; Fairfield and Ness, 1970; Iijima, 1970;
Aubry and McPherron, 1970) compress the plasma sheet and 
increase the plasma pressure, thereby producing intensities 
such as those seen by the rocket detectors.
As this manuscript was completed, a copy of a paper 
by Frank and Gurnett (1971) entitled "On the distribution of 
plasmas and electric fields over the auroral zones in polar
caps" was made available to: us. The Injun 5 results, pre­
sented in this paper are in many ways .very similar, to. those 
which have been discussed here. The rocket results pre­
sented here are essentially ih situ observations with re­
gards to the particles producing the auroral luminosity and 
therefore represent a more detailed correlation of particle 
precipitation and electric field measurements with the au­
roral phenomena. Since simultaneous observations between 
Injun 5 and the 18:91 rocket flight are not available, we 
can only speculate how the particle and electric field mea­
surements for flight 18:91 would compare with those reported 
for other events seen by Injun 5. Comparing dimensions, the 
auroral band observed during 18:91 was approximately 130 km 
wide. Projecting this up to the altitude of Injun 5, the 
band would have a width of about 200 km and would be ob­
served by the Injun 5 detectors for a period of approxi­
mately 30 seconds. The width of the current sheet observed 
at the 100 km level by 18:91 was estimated to be about 10 
km, which would represent a time scale for the Injun 5 de­
tectors on the order of a few seconds. The date presented 
in Frank and Gurnett have a time resolution of 0.5 minute. 
Hence, one must be very cautious in interpreting the results 
of the 18:91 flight in terms of the Injun 5 measurements 
presented by Frank and Gurnett.
An important feature observed by the charged par­
ticle detectors of Injun 5 is that at the high latitude
boundary of 45 kev. electrons, there is often observed in­
tense f luxes of much lower, energy electrons and protons.
Of particular interest at this boundary are the electrons 
having an energy spectrum displaying an inverted 'V' 
structure in energy-time spectrograms (Frank and Ackerson,
1970). In the inverted 'V' events, the pitch angle dis­
tribution has a maximum at 0°. It is postulated by Frank 
and Gurnett (1971) that the inverted 'V' events are asso­
ciated with auroral arcs, and furthermore, that the events 
occur at or above the trapping boundary on open field lines. 
During the satellite traversal from regions of hard radia­
tion through the inverted 'V' event and across the polar 
cap, the one component electric field measured perpendicu­
lar to the local magnetic field is seen to reverse direc­
tion. Although only one component is measured, Frank and 
Gurnett claim that this electric field results in a con­
vective Ex B velocity directed toward the sun when in the 
hard radiation to a convective velocity outside the hard 
radiation directed away from the sun.
A similar band of soft radiation at the northern 
boundary of the auroral luminosity and the hard radiation 
(several kev) was observed during the rocket flight. As 
already pointed out, a very low flux of 50 kev electrons 
was observed during the auroral event, but this does not 
mean that the rocket observations were at a higher lati­
tude than the 45 kev' trapping boundary. Observations
with the ATS-5 detectors. (Data obtained from Richard Sharp, 
Lockheed Missle and Space Co.) during the 18:91 substorm 
event showed that very few new 50 kev. electrons were, in­
jected into the magnetosphere at the local time of 
Churchill. The lack of 50 kev particle precipitation dur­
ing the event does not necessarily mean that it occurred 
on field lines which were not populated by trapped 50 kev 
electrons, but that the diffusion of pitch angles of the 
trapped particles into the loss cone was not occurring.
50 kev particles could well have been seen by a detector 
at 1000 km during this time although not observed at 100 km. 
The 50 kev electrons typically observed at the boundary by 
Injun 5 detectors have pitch angle distributions peaked at 
90°. It is difficult to say, therefore, whether the entire 
auroral event at 100 km and measured by the detectors of 
flight 18:91 was just an inverted 'V' event or a complete 
boundary event similar to those seen by Injun 5 where the 
luminosity is caused by hard radiation on closed field 
lines flanked by soft radiation on open field lines at its 
northern edge. In the case of the rocket flight, the hard 
radiation would be the several kev electrons responsible 
for the luminosity, the 'V' event would be the current 
sheet observed by the rocket detectors.
The electric field measurements made aboard flight 
18:91 appear to show more detail than those presented by 
Frank and Gurnett. Although the alignment of the rocket
sensors favored observation of the 'transverse: .component,: 
no. evidence, was found for electric field parallel to: the 
local magnetic field. When the rocket was connected with 
the luminosity, the electric field pointed to the west. 
Only when the rocket moved out of the region of luminosity 
and the field aligned currents decreased did the electric 
field direction reverse to an eastward direction. The 
westward electric field and its resulting convective ve­
locity southward would, at 1000 km and 0945 L.T., be con­
sidered antisunward and the northward convective velocity 
resulting from an eastward electric field sunward contrary 
to the results of Frank and Gurnett. Furthermore, the 
electric field reversals observed by the rocket flight 
were associated with intensities of precipitating parti­
cles or field aligned currents, and therefore showed a 
reversal when the northern boundary of the luminosity and 
the current sheet were crossed. It is apparent that in 
order to properly compare both results, simultaneous mea­
surements are required.
SUMMARY OF RESULTS
(1) On the upward leg of the rocket flight in 
passing through the 100 km level, a short spike in the in­
tensity of the axial magnetic field was observed which is 
interpreted as that due to a horizontal westward line cur­
rent of 2.4 x 103 amperes at a distance of approximately 
0.3 km from the rocket. This is believed to be part of 
the electrojet current system. However, this current 
alone is not adequate to account for the surface magnetic 
observations; therefore, one must postulate that many 
such filament currents flow during the auroral event to 
produce the total electrojet current, and result in the 
surface observation of a magnetic storm.
(2) Energetic electrons from a few to several kev 
appear to be responsible for the auroral luminosity and 
changes in fluxes of the particles are the cause of lumi­
nosity variations.
(3) North of the auroral luminosity, the spectrum 
of electrons was very soft and with a shape and intensity 
similar to that consistently seen in the tail of the mag­
netosphere by the VELA spacecraft. The implication of this 
is that perhaps the northern edge of the auroral luminosity 
is a line of demarcation between closed and open field 
lines in the tail of the magnetosphere. The energetic 
particles' responsible for the luminosity reside on closed
field lines, the soft particles north of the luminosity 
reside on open field lines' and thread the plasma sheet in 
the tail of the magnetosphere.
(4) In a region about 10 km wide between the re­
gions of hard spectra and soft spectra, large field 
aligned currents were directly observed by the particle 
detectors. These currents were nearly an order of magni­
tude greater in intensity than those carried by the pre­
cipitating particles responsible for the luminosity.
This current sheet brought total current into the atmo­
sphere equal to that brought in by the energetic particles 
and could well have been a major factor in the generation 
of the auroral electrojet. It is suggested that the cur­
rent sheet was a sampling of particles near the center of 
the compressed plasma sheet in the tail.
(5) Enhancements in the transverse E field mag­
nitude were correlated with auroral motions and increases 
in the overall luminosity. The correlation with the mo­
tions suggest that these were the result of an Ex B drift 
imposed upon the primary particle beam. Such fields would 
have to exist for large distances along the magnetic line 
of force and probably are those fields which reside in 
the magnetospheric tail.
(6) When intense field aligned currents were ob­
served, the direction of the electric field measured in 
the ionosphere pointed westward or sonthwestward. Outside
102 ./\b*
of the .region of luminosity;,: :tha .electric field switched 
to; an eastward direction when .the magnitude of the field 
aligned currents: decreased. In this paper we have gen­
erally considered these to be a spatial effect. However, 
since the electric field switch occurred during the re­
covery phase of the substorm, it could well be interpreted 
as a time variation. If the observed transverse field is 
mapped by the magnetic lines of force from the magneto- 
spheric tail, the eastward direction would result in a 
convection of plasma away from the magnetosphere with a 
corresponding sudden pressure release upon the magneto­
sphere and perhaps is the cause for the reduced field 
aligned current. Extending this argument, electric fields 
in the magnetospheric tail and the resulting plasma con­
vection provide the mechanism for the substorm process.
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Trajectory of the 18:91 rocket flight along with 
a summary of the pertinent observations made 
during the flight. The vertical lines represent 
local magnetic field lines. The auroral lumi­
nosity indicated at the 100 km level was that 
which pertained at the time of the rocket cros­
sing of the connecting magnetic field lines.
The numbers between the magnetic field lines 
refer to average values of the field aligned 
current having units of microamperes per meter . 
The location of the electrojet filament current 
observed during the flight is indicated. The 
time of the large increase in transverse electric 
field observed prior to entering the current sheet 
is shown. The watch dial representation gives 
the direction of the electric field as a function 
of time.
Trajectory of the rocket as projected unto the 
earth's surface, along with the location of 
several of the phenomena observed during the 
flight. The numbers along the rocket trajectory 
are flight time in seconds. The current sheet 
is indicated by open circles; the intense elec­
tric field enhancement by short arrows; the 
auroral band by wavy lines; and the electrojet 
filament current by the heavy arrow.
Selected all-sky camera photographs to show the 
general features of the auroral substorm. The 
position of the sounding rocket projected down 
magnetic field lines to the 100 km level is seen 
by the dark or light dots. The maximum auroral 
luminosity occurred at about 90 seconds. Note 
also the movement of the bright filament at 130 
seconds through the rocket field line. Commenc­
ing at about 180 seconds, the northern edge of 
the auroral band started to rapidly move to the 
southwest.
Components of the earth's magnetic field measured 
on the ground at Ft. Churchill. X is the geo­
graphic north component, positive north; Y is 
positive east, and Z is positive down. The hor­
izontal dashed lines are estimated zero distur­
bance fields from adjacent quiet periods. The 
vertical dashed line indicates launch. Peak 














A schematic view of the rocket showing magneto­
meters in the nose section, both sets of electric 
field booms, and the view angles of the up and 
down looking particle detectors.
Pitch angle distributions obtained from the char­
ged particle detectors at 12 0 seconds flight time 
at two different energies.
Field aligned current carried by precipitating 
electrons as a function of time. The spectral 
distribution of this current at three times is 
indicated by the three inserts on the bottom.
Two 18:91 electron spectra for precipitating 
electrons taken nearly simultaneously with ATS-5 
observations. The intensity scale applies direc­
tly to both spectra.
Two spectra of precipitating electrons when in 
the current sheet (190 sec), and just north of 
the current sheet (240 sec). Typical Vela cool 
and hot spectra are also plotted on the figure.
The Vela spectra have not been normalized in any 
way and are plotted with their actual intensities.
The electric field direction and magnitude for 
the upward section and downward section of the 
flight. Particle current is shown on the same 
time scale for comparison. The Vx B field mag­
nitude, already subtracted from the electric 
field plotted, is shown as a dashed line.
Proton magnetometer and axial fluxgate magneto­
meter records for upward and downward flight. 
Calculated fields from Jensen and Cain co-effi­
cients are shown as solid lines. Vertical scale 
is in gammas.
Expanded section of magnetometer records near 
100 km. Note that two axial fluxgate measure­
ments, showing a 1000 gamma positive departure, 
fall between two adjacent proton measurements.
The axial component produced by a line current 
at 2400 amps, 0.3 km at closest approach by 
the rocket is shown as a dashed line.
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A simple picture of the magnetosphere is 
shown. Vela and ATS-5 spacecrafts' orbits 
are sketched. This drawing serves as a 
qualitative coordinate system for the dis­
cussion of various magnetospheric phenomena.
A block diagram of the low energy charged 
particle experiment.
The figure illustrates the effectiveness of 
serration and coating of "Aquadag" on the 
analyzer electrodes in reducing side peaks.
An exploded view of the electrostatic analyzer.
A schematic of the Channeltron assembly.
Five beam electron gun calibration unit.
This figure illustrates the validity of the 
assumption made: The magnitude of the beam
current through the hole is proportional to 
the area of the hole.
Figure H This figure illustrates the near consistency
of G (geometry factor defined in Section Illb) 








A sample plot of CGs) vs. beam energy (Section 
Illb).
A sample auroral electron energy spectrum.
The horizontal bars are the widths of the 
energy windows.
A schematic presentation of the Bostrom and 
the Taylor-Perkins field-aligned current 
models.
The field-aligned currents configuration 
near the auroral arc as determined by our 
rocket observations (Section Vb).
Field-aligned currents system inferred from 
the magnetic field measurements of Armstrong 
and Zmuda. This figure was reproduced from 
their paper.
The field-aligned current vs. electron energy 
plots. Lines with dots denote upward electron 
current (away from earth). Solid lines denote 
downward electron currents.
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